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Résumé du Projet

Ce projet de fin d’études s’inscrit dans le domaine de 1’électronique analogique, avec pour
objectif principal 1’analyse, la modélisation et la simulation de circuits amplificateurs a
transistors bipolaires (BJT) et amplificateurs opérationnels (ampli-op) a D’aide de

I’environnement Proteus 8 Professional.
Le travail s’est articulé autour de quatre axes principaux :

Etude théorique et modélisation fréquentielle : Un état de ’art détaillé a été établi sur les
caractéristiques électriques des transistors bipolaires (gain en courant, fréguence de
transition, résistances parasites) et des amplis-op (gain en boucle ouverte, bande passante,
réponse en fréguence). Les fonctions de transfert de ces dispositifs ont été formulées dans le

domaine de Laplace.

Validation de la méthode de Benahmed : Une approche analytique rigoureuse a éte
appliquée pour dimensionner les résistances de polarisation et determiner la fonction de
transfert d’un amplificateur a transistor en configuration émetteur commun avec émetteur
découplé. Les résultats ont été validés par des simulations temporelles et fréquentielles sous

Proteus.

Développement d’un modele SPICE fictif : Un modéle de transistor personnalise avec une
fréquence de transition elevee (ft = 1 GHz) a été concu et integré dans la bibliotheque de

Proteus, permettant d’explorer les performances d’amplificateurs en trés haute fréquence.

Simulation et interprétation des résultats : Les réponses fréquentielles et dynamiques des
circuits simulés ont été comparées aux modeles analytiques. Les écarts observés ont permis
de mieux comprendre I’influence des effets parasites et des limitations physiques sur la

performance réelle des circuits.

Ce projet a permis de consolider les compétences en conception de circuits analogiques,
modélisation mathématique, simulation numérique, tout en ouvrant des perspectives vers la
conception de circuits intégrés a haute fréquence et 1’optimisation des performances dans

des systemes électroniques complexes.



Project Summary

This final-year project falls within the field of analog electronics, with the primary objective
of analyzing, modeling, and simulating amplifier circuits based on bipolar junction
transistors (BJTs) and operational amplifiers (op-amps) using the Proteus 8 Professional

simulation environment.
The work was structured around four main pillars:

Theoretical Study and Frequency-Domain Modeling: A detailed state of the art was
established covering the electrical characteristics of BJTs (current gain, transition
frequency, parasitic resistances) and op-amps (open-loop gain, bandwidth, frequency

response). The transfer functions of these devices were formulated in the Laplace domain.

Validation of the Benahmed Method: A rigorous analytical approach was applied to
determine the biasing resistances and derive the transfer function of a common-emitter BJT
amplifier with a decoupled emitter. The theoretical results were validated through both

time-domain and frequency-domain simulations in Proteus.

Development of a Fictitious SPICE Model: A custom transistor model with a high
transition frequency (ft = 1 GHz) was designed and integrated into the Proteus library,

allowing the simulation of amplifiers operating at very high frequencies.

Simulation and Interpretation of Results: The simulated frequency and time responses of
the circuits were compared with their analytical models. The discrepancies observed
provided valuable insights into the impact of parasitic effects and physical limitations on

real-world amplifier performance.

This project strengthened skills in analog circuit design, mathematical modeling, and
numerical simulation, while also opening pathways toward the design of high-frequency

integrated circuits and performance optimization in complex electronic systems.
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General Introduction

Analog electronics constitute a fundamental field in the design of embedded systems,
telecommunications, instrumentation, and signal processing. At the core of this
discipline, amplifier circuits play a strategic role in ensuring signal conditioning,
amplification, and fidelity, whether they originate from sensors or other functional
blocks. With the increasing complexity of electronic systems and the heightened
requirements for performance and reliability, precise modeling and rigorous simulation of
amplification circuits have become indispensable, particularly in high-frequency
applications.

In this context, the present thesis focuses on studying and modeling two fundamental
types of amplifiers: bipolar junction transistor (BJT) amplifiers and operational amplifiers
(op-amps). The work relies on advanced simulation tools, including Proteus 8
Professional, Excel, Origin, and SPICE models, to effectively bridge theoretical models
with the real behavior of circuits.

The thesis is structured around four complementary chapters, each addressing a
fundamental aspect of this topic :

Chapter 1 is dedicated to the state of the art. It provides a detailed overview of the
physical principles and electrical characteristics of bipolar transistors and operational
amplifiers. Essential concepts such as current gain (p), transition frequency (ft), parasitic
internal resistances, and the frequency dynamics of op-amps like the pA741 are
introduced. This chapter establishes the theoretical foundation necessary to understand
the phenomena under study.

Chapter 2 focuses on the experimental validation of a rigorous analytical model based on
the Benahmed method. This method enables the direct calculation of bias resistances and
the analytical formulation of the transfer function of a common-emitter BJT amplifier.
Simulations in Proteus verify the agreement between theoretical results and the actual

circuit behavior, both in the time domain and frequency domain.



Chapter 3 is devoted to the modeling of op-amp amplifiers, particularly in inverting and
non-inverting configurations. By analyzing the actual frequency response of an op-amp,
this chapter highlights the limitations due to finite gain and reduced bandwidth. It then
develops a precise formulation of the transfer function, considering non-ideal
characteristics, and validates these results through numerical simulations.

Chapter 4 presents a forward-looking approach, developing a hypothetical SPICE model
of an ultra-high-frequency bipolar transistor (fr = 1 GHz). Designed to exceed the
physical limits of standard components, this model is integrated into the Proteus library
and subsequently used to simulate high-frequency amplifiers, paving the way for
advanced designs intended for radiofrequency applications and high-speed
communications.

Each section contributes to building a coherent bridge between theory and practice by
implementing reliable analytical models, precise simulations, and critical analysis of
results. The overall project thus demonstrates the ability to design, evaluate, and optimize

complex analog circuits in response to the increasing demands of modern electronics.



Chapter 1: State of the Art on Bipolar Transistor Amplifiers and
Operational Amplifier-Based Amplifier

1.1 Introduction

Amplifiers play a fundamental role in electronics by amplifying weak signals while preserving
their characteristics. Among the most common types are bipolar transistor amplifiers and
operational amplifiers (op-amps) [1].

In this project, we focus on modeling these amplifiers using Proteus 8 Professional, an
advanced simulation tool [2]. We will examine the essential characteristics of their active
components, including:

e For a bipolar transistor: current gain, input resistance, output resistance, and transition
frequency (f;), which depends on the specific transistor used (e.g., for a BC550, f ~ 227
MHz) [3].

e For an op-amp: open-loop gain (4,,), bandwidth limited by its high frequency (f,), and
transition frequency (f;). For example, the pnA741 op-amp, has a transition frequency of
approximately f, =1 MHz [4].

The objectives of this project are to:

e Model these amplifiers in Proteus by extracting their transfer functions (p).

¢ Simulate their time-domain and frequency-domain responses.

e Export the frequency responses from Proteus to Excel and then to Origin 50 for more precise
plotting and integration into the PFE report in DOC format [5].

e Develop a fictional SPICE model of a transistor with a high transition frequency of 1 GHz
and integrate it into Proteus’s library for future use [6].

This work will enhance our understanding of amplifier frequency behavior and help optimize

designs for specific high-performance applications.



1.2 Bipolar Junction Transistor (BJT) and its characteristics

The Bipolar Junction Transistor (BJT) is a key semiconductor component used in analog
and digital circuits [7]. It consists of three regions: emitter, base, and collector, and operates by
controlling a large collector current (/) with a small base current (I).

BJTs can be used in various configurations, such as: Common Emitter (CE), Common Base
(BC) and the Common Collector (CC), each has unique characteristics suited for different
amplification and switching applications.

1.2.1 Key Electrical Characteristics of a BJT

e Current Gain (f)

The current gain (B) is defined as the ratio of collector current to base current:

This parameter depends on the transistor, the bias current, and the temperature. For the BC550,
p ranges from 110 to 800 depending on collector current.
e Base-Emitter Threshold Voltage (Vgg)
A bipolar transistor requires a minimum voltage to start conducting. In forward bias mode, this
voltage 1s approximately:
Ve~ 0.7V for silicon transistors.
V,z ~ 0.3V for germanium transistors.
e Transition Frequency (f;)
The transition frequency (fr) of a bipolar junction transistor (BJT) is a key parameter that
defines the frequency at which the transistor's current gain becomes equal to 1 in high-
frequency operation.
In other words, it is the frequency at which the open-loop current gain (f) drops to unity. This
parameter is crucial for high-frequency applications as it determines the transistor's dynamic
performance. It is given by:

Ic
Ir=20% Up X C,
Where:




I is the collector current (in A).

Ur is the thermal voltage (26 mV at ambient temperature).

C. is the emitter capacitance (in F).

Application on the BC550 transistor:

For a BC550 transistor with the following values: I = 1.6mA, C, = 43pF and Uy = 26mV,
the transition frequency is calculated as follows:

_ 1.6 X 1073
fr= 21 X 26 X 1073 x 43 x 1012

fr = 227.8 MHz
This result means that the BC550 transistor is usable up to approximately 200 MHz before its

current gain § becomes insufficient [8].

e Parasitic Resistances

A bipolar transistor has internal resistances that influence its frequency performance. These
include:

Tpe (0T hq1): base-emitter resistance,

Tee (07 h33): collector-emitter resistance,

T'pp: internal base resistance.

These resistances affect the frequency response and stability of the transistor in amplifier
circuits

1.2.2 Dependency of transistor characteristics

e Collector current I

- The transition frequency fr increases with the collector current I up to a certain limit.

- Beyond this limit, space-charge effects reduce fr.

e Temperature

When the temperature increases, the thermal voltage Uy rises, and the emitter capacitance C,
may change, which reduces the transition frequency f;.

e Transistor Architecture

Advanced technologies, such as heterojunction bipolar transistors (HBTs), allow for very high

transition frequencies (exceeding several hundred GHz).



1.2.3 Impact on Amplifiers

The electrical characteristics of a BIT (Bipolar Junction Transistor) play a key role in amplifier
design:

¢ A high transition frequency allows for a wide bandwidth, which is crucial for high-frequency
applications.

e A low base-emitter resistance 13, (ou hy;) improves the transistor’s frequency response.

e The choice of bias current I - optimizes frequency performance.

These parameters must be carefully considered when designing amplifiers using bipolar
transistors to ensure optimal performance.

1.3 Common Emitter Bipolar Amplifier

A bipolar transistor amplifier can be implemented in a common-emitter configuration, where it
provides a significant voltage gain.

1.3.1 Transfer Function

In this configuration, the transfer function follows a low-pass model.

B |4, |
Ap) = ——5—

7T,

Where:
The negative sign (-) indicates that the input and output signals are phase-opposed.
p is the Laplace variable.
|A,| represents the low-frequency gain.
fr 1s the upper frequency limit of the bandwidth.
The gain-bandwidth product of the amplifier is defined as (see later) : |A,| X f;, = fr [9].
The higher the transition frequency fr, the wider the bandwidth of an amplifier with a fixed
voltage gain |4,|.
The previous expression is equivalent to:

|4,

|4, p

A(p) = -



In an ideal case, where parasitic effects such as Miller effect and parasitic capacitances are

negligible, the transition frequency of a single-stage common-emitter amplifier is almost equal

to the transition frequency of the transistor used. This means that the relation:

|A,| X fr = fr applies directly, where fr corresponds to the frequency at which the current

gain of the transistor becomes unity. Thus, under these ideal conditions, the amplifier's

bandwidth does not experience significant reduction compared to the intrinsic characteristics of

the transistor, and the high cutoff frequency f; follows directly from the gain-bandwidth

product relation.

1.4 Operational Amplifiers

Operational amplifiers, often abbreviated as op-amps, are fundamental electronic components

widely used in analog electronics. They serve various functions, including amplification,

filtering, summation, differentiation, integration, and much more [10].

An ideal operational amplifier has the following characteristics:

e Very high open-loop gain A, (theoretically infinite),

e Very high input impedance (ideally infinite),

e Very low output impedance (ideally zero),

e Wide bandwidth, allowing amplification of signals over a broad frequency range,

e High common-mode rejection ratio (CMRR or TRMC) (>80 dB), which helps eliminate
unwanted signals that appear identically on both inputs.

However, in practice, real operational amplifiers have limitations, including a finite bandwidth

often quite low (sometimes just a few Hz) and an open-loop gain that varies with frequency.

1.4.1 Frequency Response of an Operational Amplifier: The Case of the pA741

One of the essential parameters of operational amplifiers is their frequency response. Figure 1

illustrates this response for the pA741 op-amp, a widely used model in standard applications.

» Analysis of the Figure

This figure represents the curve of the open-loop differential gain as a function of frequency:

e Open-Loop Gain Ay

- At low frequencies, the pA741 exhibits a maximum gain of approximately 106 dB (which

corresponds to 200,000 in linear terms).



- This gain gradually decreases as the frequency increases.

e Bandwidth and cutoff frequency (-3 dB)

- The frequency at which the gain drops by 3 dB is approximately 5 Hz.

- Beyond this frequency, the open-loop differential gain A,, decreases at a rate of -20 dB per
decade (a slope of -1).

e Transition Frequency (fr)

- The gain reaches 0 dB (a factor of 1 in linear scale) at a frequency of 1 MHz.

- This frequency corresponds to the gain-bandwidth product Ay, X f;, = fr, which remains

constant.

OPEN-LOOP LARGE-SIGNAL DIFFERENTIAL
VOLTAGE AMPLIFICATION (nA741)
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Figure 1: Open-Loop frequency response of a real operational amplifier: case of the
nA741
» Practical Consequences
e In open-loop configuration, the operational amplifier can only effectively process very low-
frequency signals (< 5 Hz).
e In closed-loop configuration, thanks to negative feedback, it is possible to extend the

bandwidth by reducing the gain.



This behavior limits the use of the nA741 in high-frequency applications unless appropriate
compensation is applied.

1.4.2 Transfer Function of an Operational Amplifier

The study of the frequency response of an operational amplifier naturally leads to the analysis
of its transfer function.

In open-loop configuration, the frequency response of the gain of a real operational amplifier
follows the dynamics of a first-order low-pass filter.

The mathematical expression for the open-loop differential gain transfer function is given by :

A(p) _ Avo _ 27TAvofh
142 p+2m
1+ T, p fn

A, is the open-loop gain at very low frequencies (DC) (~200,000 or 106 dB for the pA741).
p represents the Laplace variable.

f,, is the cutoff frequency at -3 dB (with f;, = 5Hz for the pA741).

» Physical Interpretation

At very low frequencies f « f}, — the gain remains practically constant and equal to Ayg.

At the cutoff frequency f, — the gain drops by 3 dB (which corresponds to a division by v2 in
amplitude).

At high frequencies f > f, — the gain decreases proportionally to frequency with a slope of
-20 dB per decade.

At the transition frequency fr = A,, X fi, (~1 MHz for the pA741) — the gain reaches 1 (0
dB), marking the limit of effective amplification.

This behavior can be represented in an asymptotic Bode plot (Figure 2), where a linear
decrease in gain (in dB) beyond f;, is observed in the frequency domain.

For the pnA741, the relevant values are (Figure 2):

Open-loop gain: Ay =106 dB =2 x 10°.

Cutoff frequency (-3 dB) : f, = 5SHz — wy, =2nf,, =31.4 rd/s.
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N

20 log(Avo)
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Figure 2: Asymptotic Bode plot of the open-loop voltage gain of a real operational amplifier

Therefore, the transfer function of the pA741 is given by:

A A
A (p) — ‘UOp — ‘UOp

1+m 1+w_h

By substituting the numerical values:

2 % 10° 2 x10°

14377

It is important to note that the transition frequency of an operational amplifier is identical to

that of a non-inverting amplifier. However, in an inverting configuration, the transition
frequency is slightly lower than that of open-loop or non-inverting configurations, due to the
effects of negative feedback and associated impedances

1.5 Gain-Bandwidth and Frequency Limitations

The relationship between gain and bandwidth in an amplifier follows the gain-bandwidth
product invariance:

A, X fn, = constante

This means that the higher the closed-loop gain, the narrower the bandwidth. This constraint
often requires a trade-off between gain and bandwidth, especially in high-frequency
applications. Thus, to design an amplifier while maintaining a sufficient gain, it is necessary to
optimize both the components and the circuit structure.
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1.6 Design and Simulation of Virtual Amplifiers in Proteus

1.6.1 Objective of the Modeling

One of the objectives of this project is to design and simulate a fictitious transistor amplifier in

Proteus 8.12, capable of operating at high frequencies, beyond the limitations of a real

component.

To achieve this, we will create an adaptable SPICE model for a customized bipolar transistor

with a transition frequency of 1 GHz.

This model will then be integrated into the Proteus 8.12 library, allowing users to perform high-

frequency simulations with enhanced performance.

1.6.2 Implementation Steps

The design and validation of the fictitious amplifier will follow several steps:

e Defining the electrical and frequency parameters of the fictitious transistor based on the
SPICE model.

e Implementing the model in Proteus, incorporating these characteristics into a customizable
component.

e Validating the model through time-domain and frequency-domain simulations to verify its
high-frequency performance.

e Integrating the model into the Proteus library, enabling reuse in other designs and
simulations.

This approach will allow us to explore the behavior of amplifiers at very high frequencies,

without being restricted by the physical limitations of existing components.

1.7 Conclusion

This first chapter has established a rigorous state of the art on bipolar transistor amplifiers and

operational amplifiers, highlighting their main electrical and frequency characteristics as well

as their intrinsic limitations.

First, we studied bipolar transistors, detailing the key parameters influencing their amplification

performance, including current gain (f5), base-emitter voltage (V;,), and transition frequency

(fr)-

11



It was shown that, under ideal conditions, the transition frequency of a single-stage common
emitter amplifier can be approximated to that of the transistor used. However, capacitive and
parasitic effects can significantly restrict the actual bandwidth of the amplifier.

Next, the study of operational amplifiers allowed us to introduce their frequency response and
examine the transfer function of real amplifiers, taking the pnA741 op-amp as a reference. We
demonstrated that this amplifier follows a first-order low-pass behavior, with a very low cutoff

frequency (f,= 5 Hz) and a limited transition frequency of 1 MHz. We also highlighted the

impact of the gain-bandwidth product, which requires a reduction in bandwidth when the
closed-loop gain is increased.

Finally, in the context of transistor amplifiers, we introduced our innovative approach aimed at
overcoming these limitations through the development of a high-frequency fictitious amplifier
model in Proteus. This model is based on the integration of a fictitious bipolar transistor
characterized by a high transition frequency (f; =1 GHz).

Integrating this model into the Proteus library will be a major asset for the simulation and
analysis of high-frequency bipolar transistor circuits, paving the way for advanced designs and
better control of electronic systems.

The following chapters will focus on the methodology for extracting transfer functions, as well

as the techniques for simulation and experimental validation of the developed models.

12
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Chapter 2: Validation of Benahmed's Method for Determining the
Transfer Function and Biasing Resistors of a Transistor Amplifier

in Proteus

2.1 Introduction

The analysis and modeling of common-emitter bipolar amplifiers are essential for the

design and optimization of analog circuits. To improve model accuracy and facilitate

their integration into simulations, it is crucial to establish an analytical transfer function

that accurately reflects the circuit’s real behavior.

In this context, the Benahmed method offers a rigorous approach to determining not only

the expression of the transfer function of a decoupled-emitter bipolar amplifier but also

the optimal values of biasing resistances [1]. This method is based on a thorough analysis

of bias equations and the frequency characteristics of the transistor to develop a complete

model of gain as a function of frequency.

The objective of this chapter is to experimentally validate this method by comparing

analytically computed results with simulations performed in Proteus. To achieve this, we

follow a multi-step approach:

e Determining the biasing resistance values using the Benahmed method to ensure a
stable operating point for the transistor.

e Theoretical establishment of the amplifier’s transfer function using the same method.

e Frequency analysis in Proteus to compare the real circuit response with the theoretical
transfer function.

e Time-domain analysis to verify whether replacing the amplifier with its transfer
function yields an accurate dynamic response.

This study aims to demonstrate that the Benahmed method enables precise bias resistance

design and the development of a reliable transfer function capable of replacing the

amplifier in a simulation, thereby facilitating the optimization and analysis of electronic

circuits.
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2.2 Presentation of the Benahmed Method and Its Application to Common-
Emitter Amplifiers with Decoupled Emitters
The Benahmed method is a rigorous and systematic approach used for the design of
bipolar junction transistor (BJT) common-emitter (CE) amplifiers with decoupled
emitters. This method allows for the direct determination of optimal component values
based on design specifications, ensuring a stable operating point, precise voltage gain,
and good frequency response [2, 3].
In a CE amplifier with a decoupled emitter, a bypass capacitor Cg is placed in parallel
with the emitter resistance RE. This capacitor effectively short-circuits RE for AC
signals, significantly increasing voltage gain by eliminating the negative feedback effect.
The main advantage of the Benahmed method lies in its precision and efficiency: it
eliminates approximations and trial-and-error approaches by providing analytical
formulas for sizing the circuit resistances according to transistor parameters and the
required specifications.
2.2.1 Objectives and Advantages of the Benahmed Method
The objective of this method is to design a common-emitter amplifier with a decoupled
emitter, ensuring (Figure 1):
* A precise voltage gain defined by:

B Rc
~

* Stable transistor biasing to prevent signal distortion.

A, =

* Good frequency response, taking into account the transistor's internal capacitance.

* Fast and reproducible design, avoiding experimental trial-and-error.

This approach is particularly well-suited for circuits requiring high amplification and
wide bandwidth, such as audio amplifiers, radio-frequency systems, and communication
devices.

2.2.2 Steps of the Benahmed Method

The method is based on precise analytical calculations that allow for the determination of
all circuit resistances from the transistor parameters and the desired specifications.
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e Calculation of the collector resistance R¢
ﬁRc_ B Rc¢ __ﬁIBQRc__ ICQRC__ RCICQ

A, =

~hy  Ur Ur Ur Ur
IBQ
Ur X (A
N RC — T I ( v)
cQ

where Ur represents the thermal voltage (=26 mV), A, the voltage gain, and I¢( the
transistor bias current.

e Calculation of the emitter voltage Vgy
Vem + Vegg + Re leg = Vee

cc
= Veu 27_RCICQ

Vee
2

This equation allows for a centered operating point, ensuring good signal dynamics.

_)VEM= +AU UT

e Calculation of the emitter voltage Rg

%
Ry = _EM
ICQ
Yee 1 4, Uy
Rp=—2 " "
ICQ

This resistance stabilizes the transistor's current.

e Calculation of the base voltage Vgy

Vem =Vem + Ve

where Vpgo = 0.7V is the base-emitter voltage of the transistor.

e Bias current (1)

ICQ

B
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e Calculation of the biasing resistances Rg; and Rp,

|4
Veu _ B(Vem + Vaig) _ B (% +A, Ur + VBEQ)

Rp, =
I, 10 X I 10 X I¢q
v,
. (5 + 4, Ur + Vigo)
B2 10 X Igq
_ Vcc - VBM _ B(Vcc - VEM - VBEQ)
P17 11 x Igg 11 x I
v,
B (5= A, Up — Vo)
Rp, =

11 X I¢q
These expressions ensure stable thermal biasing, minimizing variations due to
temperature changes.
2.2.3 Conclusion
The Benahmed method is a powerful tool for designing common-emitter amplifiers with
a decoupled emitter. It ensures:
* Precise and optimized gain for the desired performance.
* Improved thermal and frequency stability.
* Reliable analytical design, eliminating trial-and-error approaches.
This method is particularly useful in advanced electronic applications requiring high
amplification and wide bandwidth, such as RF circuits, audio amplifiers, and signal
transmission systems.
2.3 Application of the Method
To apply the Benahmed method to the bipolar junction transistor (BJT) common-emitter
amplifier with a decoupled emitter shown in Figure 1, we consider the following design
specifications:
* Transistor: BC550
* Supply voltage: V.. = 12V
* Current gain: f = 132.5
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* Bias current: I¢p = 1.6mA

* Voltage gain: A, = —100

* Thermal voltage: Ur = 26mV

p—rt> velt)
[=—=Te}
[SSLN

ve(t) &r\/

Figure 1: Electronic schematic of a common-emitter amplifier with a decoupled

'C\L
RB1

RB2 IE\I/[
Benahmed Nasreddipe. Univ. Tlemcen. Algérie

b)

Vcc

RC

B%K

—~ M — —

emitter : in a) Dynamic mode and b) Static mode

The application of the method allows for the calculation of the following values:

e (Calculation of circuit resistances

Calculated Value

Component

Applied Formula

Collector resistance RC Re= %{:M 1.625 kQ
Emitter resistance RE Re= \% 2.125 kQ
Base resistance RB1 Re1 = %ﬁw 59.474 kQ
Base resistance RB2 Rgz = W 33.953 kQ

Table 1: Calculation of bias resistance values

e Calculation of the DC voltages in the circuit

Applied formula

Calculated value

Voltage
Emitter voltage VEM Vew =< + A, - Ur 3.4V
Base voltage VBM Vem = Vem + Vieo 4.1V
9.4V

Collector voltage VCM

Vem = Vee — IcoRc

Table 2: Calculation of DC bias voltage values
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2.4 Transition from Design to Simulation and Analysis of Results

Now that the biasing resistance values for the transistor in Figure 1's circuit have been
determined, we can proceed to the simulation phase to experimentally verify the
amplifier's performance. This step aims to validate the theoretical design by confirming:

e The stability of the operating point.

e The accuracy of the voltage gain.

e The frequency response of the amplifier.

To achieve this, we will:

* Create the circuit schematic in Proteus;

* Verify the operating point, ensuring that (V¢gg = 6V et I¢g = 1.6 mA);

* Analyze the frequency response and gain of the designed amplifier.

Once the design of the bipolar junction transistor (BJT) common-emitter amplifier with a
decoupled emitter i1s completed, we proceed with experimental validation using the
Proteus simulation environment. The main objective of this simulation is to ensure that
the results are consistent with theoretical values, particularly the DC voltages at various
circuit nodes, the voltage gain and the amplifier bandwidth.

2.4.1 Static Results

The simulation results, presented in Figure 2, show good agreement with the theoretical
values obtained during the design process. Indeed, the measured voltages are:

Vey =3.54;Vpy =4.23V;Vey =576V

These values are very close to the theoretical results, confirming a good choice of biasing
resistances and a stable operating point for the transistor.

2.4.2 Dynamic Results

The responses of the designed amplifier in the time domain and frequency domain are
illustrated in Figures 3 and 4.

Regarding frequency analysis, the measured gain is:

A, = 39.5 dB = 94.4 (linear scale).
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This result is consistent with theoretical predictions, confirming the precision of the

design.

The amplifier's bandwidth extends up to fr = 219MHz, demonstrating good frequency

response and effective amplification within the desired operating range.

Common-emitter amplifier for a voltage gain (Avo=-100)

Vce=+12v

RB2
33.953k

VEM

VEM

Static analysis

VEBM

Y

VCM

Y

Comparison of results

Voltage VEM | VBM [VCM |VCEq
Design

3.4V | 41V | 94V | 6V
value
Simulation

3.54V |4.23V | 9.3V [5.76V
value

Figure 2: Results of the static analysis of the designed amplifier

20



Common-emitter amplifier for a voltage gain (Avo=-100)

Dynamic analysis in the time domain

ve(t) [>——
Vee=+12v
A vs(t) [—oudl
i | RC
1.625k
H SR;EJ“ cle Comparison of results
Vel c —[l E—(> vs()
100uF
ve() GLA Q 1.88V c.ac Voltage gain Avo
&/\J _ é B K BC550 g g
100uF .
20mV c.a.v; 1KHz Design 100
E} value
“ RB2 H RE e
53.98% 212K 4700F Simulation o4
value B
- —M L

Figure 3: Voltage gain result of the designed amplifier

Dynamic analysis in the frequency domain

Comparison of results

Voltage gain Ao Transition frequency f
Design
-100 227.77MHz
value
Simulation
-94.4 219MHz
value

Figure 4: Frequency response of the designed transistor amplifier.
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After obtaining the frequency responses of the amplifier in Proteus, we exported the data
to Excel for initial formatting, then to Origin 50 to improve the precision of the plots and
obtain more readable and usable curves.

This approach allowed for a better analysis of the amplifier's frequency behavior,
focusing on voltage gain 4, and phase shift ®. Figure 5 illustrates these results with

higher resolution, facilitating the interpretation of the designed amplifier’s performance.

A (dB

300 —r—rrreT— T () —
280
260 fe2nsey,
240 .,
220 L
200
180 se
160 - Hea,
140 %
120 3 LN
1004 *
80 °
60 °,
40 e —
20 :.. e ...-'l-.. °

20 .

Frequency responses

-20
1 10 100 1000 10000 100000 1000000 1E7 1E8
Frequency (Hz)

Figure 5: Plot of the frequency responses of the designed transistor amplifier in
ORIGIN 50

2.5 Benahmed Method for Determining the Transfer Function of a Common-
Emitter Amplifier

The Benahmed method allows for the modeling of the frequency behavior of a common-
emitter (CE) amplifier with a decoupled emitter, taking into account the transistor's
internal emitter capacitance Ce. This analytical approach enables precise characterization
of high-frequency limitations, by defining transition and cutoff frequencies and

determining the transfer function expression A(p) in the Laplace domain [1, 4].
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2.5.1 Determination of the Transition Frequency fT
The transition frequency represents the frequency at which the transistor's internal
capacitive effects begin to dominate and is given by:

2n X Up X C,

fr

Where C, is the transistor emitter capacitance.
2.5.2 Determination of the High Frequency fh

The high frequency of the amplifier, which defines the bandwidth, is obtained from the

following relation:

_fr
14,1

fr=14,l fn = fn

This expression shows that as the gain 4,, increases, the bandwidth decreases.
2.5.3 Determination of the Transfer Function A(p)
The amplifier can be modeled by a rational transfer function in the Laplace domain:

_ |4,
Alp) = ————

1+ g

Where:

p = jw is the Laplace variable.

fris the high frequency previously determined.

2.5.4 Application of the Method for C, = 43pF

We will now apply this method to the designed amplifier, maintaining the same
specifications as before while taking into account Ce = 43pF.

e Calculation of the Transition Frequency fr

According to the Benahmed method, the transition frequency is given by:

2w X Up X C,

fr

By substituting the values:
ICQ = 16mA, UT = 26mV, Ce = 43pF
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ICQ

1= XU, x ¢

e Calculation of the High Frequency fh
fr

fn=
|4y |

Avec |A,| = 100 :

228 10°
T 100

e Determination of the Transfer Function A(p)

= 2.28MHz

The general expression of the transfer function is :

|4, |
1+-L
21fp
By substituting f;, = 2.28MHz
AQp) = 1A, 4] X 2Tfn o0« 2m X 2.28 X 10°
P = 1+-P_ "V T p+2nf, p + 2m x 2.28 x 106
Zﬂfh

1.43184 x 107
p + 1.43184 x 107

— A(p) = —100 x

2.5.5 Conclusion

The application of the Benahmed method to the designed amplifier, incorporating
Ce = 43pF, has led to the following results:

e The low-frequency gain is confirmed to be -100.

e The high cutoff frequency is approximately 2.28 MHz, defining the amplifier's
bandwidth.

e The transfer function expression reveals the presence of a single pole located at f,

which limits high-frequency response and gradually reduces the gain beyond this

frequency [5].
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2.6 Determination of the Transfer Function from Simulation Results in
Proteus

Based on the results obtained from the Proteus simulation, we measured a transition
frequency of f, = 219MHz and a low-frequency gain of Ay =~ 94.4.

These experimental values allow us to graphically determine the expression of the

transfer function (p), taking into account the real effects of the simulated circuit.

Consequently:
fr 219 x 10°
o= = oaa T 23MHz
Alp) = _ﬂ= —|4,| x27t—fh= _94.4 x 21 % 2.32 x 10°
1+27ffh p+2mfp p + 2m x 2.32 x 106
1.457 x 107

= —9Y44 X
= Ap) = 9 X e T

2.7 Comparison Between the Theoretical Transfer Function and the One
Obtained from Simulation

To precisely analyze the frequency response of the common-emitter (CE) amplifier with
a decoupled emitter, we compare two transfer function models:

The theoretical transfer function, derived from the strict application of the Benahmed

method, assuming an ideal behavior for the transistor and its components:

1.43184 x 107

= —100 x
Alp) = =100 X e = 107

The transfer function obtained from the Proteus simulation incorporates the real effects of
the circuit, including parasitic elements, component tolerances, and practical limitations
of the transistor:

1.457 x 107

A =—-944x
2(p) P+ 1.457 x 107

We will simulate and plot the frequency responses of both transfer functions, as shown in

Figure 6.
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Common-emitter amplifier for a voltage gain (Avo=-100)

Dynamic analysis in the frequency domain

Veooc=+iav
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=
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A1(P)
i Hp+ MO _E[:i[:lm Ad(p): Designed transfer function
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1* ORD | POLY 3

A2(P)
e LR+ O _E'[:i[:;m A2(p): Transfer function from the simulation

D1.p+ D0

1" ORD : POLY 3
<TEXT=

Figure 6: Simulation in PROTEUS of the designed transistor amplifier and its transfer

functions in the frequency domain [6, 7]

Finally, we will compare these obtained curves with the experimental results from the
real discrete transistor amplifier setup, in order to validate the accuracy of the theoretical
model and assess the impact of physical imperfections.

This analysis will help optimize the amplifier's mathematical model and enhance design
precision for practical applications.

2.8 Analysis and Interpretation of Frequency Responses

The analysis of Figure 7 presents three curves, illustrating the frequency responses of the
designed amplifier, along with its theoretical and simulated transfer functions.

Here are the main observations:
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Figure 7: Plot of the frequency responses of the designed transistor amplifier in
ORIGIN 50

2.8.1 Analysis of the Curves

> Black curve (A(dB)) — Represents the actual response of the amplifier

» This curve represents the frequency response of the actual amplifier designed in
Proteus.

» A well-defined bandwidth is observed, with a stable gain at low frequencies, followed
by a gradual decrease in gain beyond a certain point (high cutoff frequency).

» The decay slope reveals a behavior dominated by the transistor's internal capacitive
effects.

¢ Red curve (|A,(p)| in dB) — Theoretical transfer function

» This represents the frequency response of the theoretical transfer function A1(p).
» The similarity to the experimental curve indicates that the analytical model used to

derive the transfer function is relatively accurate.
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>

A slight difference in the transition region may be attributed to simplifications made

in the theoretical model.

¢ Green curve (|4,(p)| in dB) — Simulated transfer function

>

>

This curve corresponds to the transfer function obtained from simulation results (with

fr =219MHz and |Ay| = App = 94.4).

It is almost perfectly aligned with the theoretical curve, confirming the validity of the

proposed amplifier model.

2.8.2 Comparison and Accuracy of the Model

>

Superposition of Frequency Responses

At low frequencies, the three curves are nearly identical, indicating that the theoretical
model and simulation align well with the actual amplifier's performance.

At high frequencies, the gain drop follows the expected trend. However, the black
curve (representing the real amplifier) exhibits a slightly more gradual decay
compared to the analytical models, likely due to parasitic effects not accounted for in
the theoretical expression.

Stability of the Transition Frequency

The high cutoff frequency is practically identical across all curves, demonstrating a
strong correlation between the real amplifier, the theoretical transfer function, and the
simulated model.

This confirms that the parameters used to derive the transfer function are consistent
with the transistor's characteristics and the amplifier circuit design.

Validation of the Mathematical Model

The fact that the experimentally obtained transition frequency matches the one
predicted by simulation and theoretical analysis strengthens the validity of the model
used.

The amplifier behaves as a single dominant pole system, where the bandwidth is

primarily defined by the transition frequency f.

28



2.8.3 Conclusion

The analysis of the obtained curves confirms that the analytical expression of the transfer
function accurately predicts the frequency response of the amplifier.

However, deviations at high frequencies may arise due to parasitic effects and model
limitations. Therefore, simulation becomes essential to refine the design and validate the
actual performance of the circuit.

2.9 Validation of the Theoretical Model through Time-Domain Simulation

To validate the theoretical model of the transfer function for the decoupled-emitter
bipolar amplifier, a time-domain simulation was performed. This approach enables
analysis of the circuit's dynamic response to an input signal, allowing for precise

measurement of the voltage gain 4,,.

The oscillogram presented in Figure 8 illustrates the circuit's response when subjected to
a sinusoidal input signal v(t) of 20mV amplitude at a frequency of 1 KHz. Observing the
output signal vg(t), displayed in blue, reveals an amplitude of approximately 2V,
corresponding to a voltage gain A, = 100. This result is fully consistent with theoretical

predictions. Additionally, the input and output signals are phase-inverted, a typical
characteristic of a common-emitter amplifier.

The waveform analysis highlights a linear response from the circuit, with good
preservation of the sinusoidal shape, confirming the expected behavior of the decoupled-
emitter bipolar amplifier.

Thus, the obtained results validate the theoretical transfer function model of the amplifier,

confirming its relevance and accuracy under the studied simulation conditions.
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Figure 8: Simulation of the transfer function of the decoupled-emitter bipolar amplifier in
the time domain

2.10 Conclusion

The results obtained from this study confirm the relevance and accuracy of the Benahmed

method for the design of decoupled-emitter bipolar amplifiers.The frequency analysis

demonstrated that the theoretical transfer function derived from this method closely

corresponds to the simulation results in Proteus, thus validating the analytical expressions

for gain and bandwidth.

Furthermore, the time-domain simulation has shown that replacing the real amplifier with

its transfer function allows for an accurate reconstruction of the circuit's dynamic

response, with gain and phase matching theoretical predictions.

These results highlight that the Benahmed method is a powerful tool, enabling precise

determination of bias resistances, while also facilitating the development of a robust

analytical model for the amplifier. However, slight deviations at high frequencies may be

attributed to parasitic effects and non-ideal transistor behaviors. A more detailed study

could integrate these parameters to further refine the model's accuracy and explore its

application to more complex amplifiers.
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Chapter 3: Modeling Operational Amplifier-Based Amplifiers Using

the Transfer Function

3.1 Introduction

Operational amplifiers (op-amps) are essential electronic components widely used in
analog circuits for various applications, ranging from filtering to signal amplification [1].
Unlike bipolar transistor amplifiers, op-amps offer very high open-loop gain and a very
high input impedance, making them ideal for low-frequency applications requiring
precise and stable configurations [2].

This chapter explores the different amplifier configurations using op-amps, their
modeling through transfer functions, and their simulation in Proteus 8 Professional.

3.2 Transfer Function of a Real Op-Amp

3.2.1 Definition and Expression of the Transfer Function

The study of the transfer function of operational amplifiers is fundamental in electronics,
as it allows for the evaluation of their behavior depending on frequency [3]. This
function, denoted as (p), is defined in the Laplace domain, where p represents the
complex variable. It characterizes an op-amp's ability to amplify a signal while
considering its real-world limitations [4].

The general expression of the transfer function of an operational amplifier (Figure 1) is

given by:

K
AR =y oy -
where :

Vs (p) is the output voltage expressed in the Laplace domain.
V,.(p) and V_(p) represent the voltages at the non-inverting and inverting inputs of the

operational amplifier, respectively.
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Figure 1: Electronic symbol of an op-amp

In practice, this transfer function is often modeled as a single-pole function, taking the

form of a low-pass filter. For a real op-amp, it is expressed as follows [1]:

A(p) — Avo — Avo Wp
Wp

where:

A, represents the open-loop gain.

wy, denotes the high frequency or system pole.

3.2.2 Frequency Analysis and Bode Plot

The frequency response analysis of a real operational amplifier, as shown in Figure 2, is
essential for understanding its behavior in a circuit. The asymptotic Bode plot of the
magnitude of A(jw) highlights two distinct regions [5]:

e When p < wy, the gain is approximately constant and equal to A,,, 45, Which results in

a horizontal line on the Bode diagram.

e When p >» w,, the gain decreases proportionally to %, corresponding to a slope of

-20 dB per decade [2].

The transition frequency wy, which corresponds to the point where the gain becomes
unity (JA(jw)| = 1), is determined by the following equation :

wr = A,y X wy

This equation highlights the concept of the gain-bandwidth product, which is a key
characteristic of amplifiers. Specifically, the higher the open-loop gain, the more

restricted the bandwidth.
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Classical operational amplifiers, such as the pA741, have a gain-bandwidth product of
approximately 1 MHz, with an open-loop gain of around 2 x 10°. Based on these

parameters, the pole frequency can be determined using the following equation :

10°
AUO

2x10

fr

HA741
This behavior has a direct impact on circuits using an operational amplifier, limiting the

frequency range over which a high gain can be maintained.

|A(jo)|as
A

Zero-slope line
Axﬂ dB

Megative one-slope line

» (1)

Q]
Figure 2: Asymptotic Bode representation of the magnitude of the transfer

function (p) in open-loop for a real op-amp

3.3 Inverting Amplifier
3.3.1 Electronic Diagram
The inverting amplifier is one of the most common configurations using an operational
amplifier. It consists of an input resistor R1 and a feedback resistor Rz, connected as

follows:
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Ve

Figure 3: Circuit diagram of an inverting amplifier based on a real op-amp
* The input signal is applied to R1, which is connected to the inverting input (-) of the op-
amp.
* The non-inverting input (+) is connected to ground.
* The output is connected to Rz, which feeds back to the inverting input.
3.3.2 Determination of the Transfer Function of an Inverting Amplifier in the
Laplace Domain
The analysis of the transfer function of an inverting amplifier in the Laplace domain
requires consideration of the real characteristics of the operational amplifier used. Unlike
an ideal model, a real operational amplifier exhibits certain limitations, such as finite
gain, restricted bandwidth, and non-ideal input and output impedances.
For an inverting amplifier based on a real op-amp like the pA741, it is essential to
integrate its specific parameters to achieve a more accurate representation of its behavior.
Manufacturer-provided technical data, such as open-loop gain and upper cutoff
frequency, must be taken into account to properly model its performance.
By applying fundamental concepts of electrical circuit analysis, it is possible to establish
the expression for the transfer function of this amplifier while considering the feedback
circuit components and the intrinsic properties of the operational amplifier used.
The transfer function expression for the inverting amplifier can be derived, for example,
using Millman’s theorem, which allows for the establishment of a mathematical
relationship precisely describing the circuit’s operation while accounting for the

imperfections of the operational amplifier [6].
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We proceed as follows:

IR A())
V,(p) —V_(p)

A(p) - V.(p) = —A(p) V_(p) because V,.(p) =0

Or:

Ve(p) + Vs(p)
R, R, _ R.V;(p) + R, Ve (p)

Ry +R,

So:

R,V:(p) + R,V (p)
R+ R,

A(p)&) _ apyR®

V;(p) = —A(p)

R, + R, PR +R,
A(P)Rz
i(p) R +R, A(p)R,

- = =
Ve(p) (1 + A(p)R1> R, + R, + A(p)R,
R, + R,

- V(p) (1 +

R, R, R,

~ R, +R, - <R1+R2) N R,
+R 14 (=1——-2 1+ =2
A(p) 1 R, A(p) ( )

Finally:
Vs(p)

H(p) =

(1+§—i)

— h
For p = jw and when )

« 1, the transfer function is expressed as:
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This corresponds to the expression for the voltage gain of the inverting amplifier under
the assumption that the operational amplifier is considered ideal.

By substituting the expression for A(p) into that of H(p), we obtain:

R, R, R,
R R R
H(p)=— 1 - _ 1 — 1
(1 +&) (1 +&) (1 +&)
QNN UL S VA A S S DA -
A(p) Ayo Ay Wh
1+
h
R, R,
_ R, _ R,

AUO
R, R, R,
R, R, R,
R R R
) L) )
vo vo vo
-7 R - p - p
I I (3 I TI XS 5
1+ (11;:_ &) w_h 14 i o (1 - &) wp
1+ Avfl (1 g_i) “
A
R R
(1+5) (1+5) s
B 1+ A B 1+ 4. N (1 + Rﬁv:RIjz)
o1+ P o1+ P o1+ P
o) R O
1 2
R,
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p
1+ Wn
R,
R,
R, +R,
Hp) =20 _ 0+ 747 Ao
AN L 1+
vo‘l H
(1 TR, + R, “n
&
With: 4,45 = ﬁ represents the gain of the inverting amplifier while taking into
AvoR1

account the real characteristics of the operational amplifier.

wy = (1 + %) wy, corresponds to the high frequency of the inverting amplifier using

a real operational amplifier.

Furthermore, the negative sign in the expression of H(p) indicates a phase opposition
between the signals ve(t) and v(t) in the time domain.

After establishing the transfer function expression for the inverting amplifier while
considering the real characteristics of the operational amplifier, we can analyze it in the
Laplace domain. This analysis allows us to evaluate the impact of the limitations and
specificities of the real op-amp on the overall behavior of the inverting amplifier an
essential aspect for the design and optimization of efficient and reliable electronic
circuits.

Figure 4 illustrates the asymptotic Bode plot of the magnitude of the transfer function
H(p) for the inverting amplifier using a real op-amp, derived from its expression as
follows:

e When p < wy, then H(p) — A,p, which means |H(p)| 5.

Rz

— 20log(4,p) = 20log ((1+§+R2)> representing a horizontal line (zero slope).

AyoR1

e When p > wy, then H(p) — A"‘Z’pwH , corresponding to a line with a slope of -1.
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R2

1 Ry ApoR
[H(P)lap = 0 which means [H(p)| = 1~ pr = Avg 03 = Ty (1+ 2257 o

AyoRq
~ RZ AvoRl ~ RZ AvoRl ~ RZ
= — Wy ="—"—"7" Wy = —Avowh
R, R, +R, R R, +R, R, +R,
_R1+R2wt—wT W

Thus, the transition angular frequency w; of the inverting amplifier using a real
operational amplifier differs from the transition angular frequency w; of the real op-amp
itself. This contrasts with the case of a non-inverting amplifier with a real op-amp, where

these two frequencies coincide.

|A(if0)|c13 [H(jo)| g

Line with zero slope

Avﬂ dB

Negative one-slope line

Av(D dB

> (D

D Wy O O

Figure 4: Influence of finite gain and bandwidth on the frequency response of the

inverting amplifier with a real op-amp

In this concrete example from Figure 5, we analyze an inverting amplifier consisting of
specific resistances (R1 = 1K et R2 = 33K) along with the operational amplifier

nA741. The theoretical results, obtained from previously established equations, will be

compared with simulation results performed in the Proteus environment.
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3.3.3 Simulation in Proteus

Figure 5, extracted from the pA741 datasheet, illustrates the evolution of the magnitude
of its open-loop transfer function A(p) as a function of frequency.

The typical value of the open-loop voltage gain is:

Ay = Apg = 2% 10°

which corresponds, in decibels, to:

Ao ap = 2010og(2 x 10%) = 106dB

The gain-bandwidth product, corresponding to the transition frequency of the nA741, is
given by:

fi = 1MHz

Thus, the high-frequency limit is calculated as follows:

_wp fy 10°
2w Ay 2% 105

fh =5Hz

OPEN-LOOP LARGE-SIGNAL DIFFERENTIAL
VOLTAGE AMPLIFICATION

Vs
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Figure 5: Evolution of the magnitude of the open-loop transfer function A(p)

for the uA741 [4]

40



e Theoretical Results

For the given resistance values (R1 = 1K and R2 = 33K2), the theoretical gain of the

inverting amplifier shown in Figure 3 is approximately 33. Indeed:

Ry 33
R, = 1KQ et R, = 33K — Ay = 1+,511+R2 = —im3

( R1Av0) ( 1x2x10°

33

) = xS 32.994 =~ 33

Furthermore, the theoretical gain-bandwidth product, corresponding to the transition

frequency f; of this inverting amplifier, is given by:

—2—f, = 2 10° = 970.6KHz.

Meanwhile, its upper cutoff frequency (bandwidth) is:

—(1+A"°R1> = 1+2X105X1 X5 = 29.42KH
Ju = R.+R,) " = 1+ 33 T rmeniz

e Simulation Results in Proteus

2x105

To verify the validity of the model A(P)| a7 = established for the

1+318.47x10~4p’

LA741 operational amplifier in the first chapter, we compared its frequency response to
that provided by the manufacturer (Figure 5). For this purpose, a frequency response
simulation of our model was performed in the Proteus environment (Figure 6). The
obtained results confirm that our model accurately describes the behavior of the nA741,

as they align with the manufacturer's frequency response data.
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Real operational amplifier with transfer function
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Figure 6: Frequency response simulation of the model A (p) for the pA741 operational

amplifier in Proteus 8 Professional

We then integrated the transfer function A(p) with discrete components R1 and Rz to
construct an inverting amplifier, as illustrated in Figure 7. This circuit combines the
open-loop transfer function A(p) of the pnA741 operational amplifier with the resistances

Ri =1K0 et R, =33 K0 [7].
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Inverting amplifier with the transfer function of the pA741
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Figure 7: Frequency and time response of an inverting amplifier based on the pA741 with

its transfer function
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The analysis of the results obtained from the simulation of the inverting amplifier circuit
based on the transfer function of the pA741 operational amplifier leads to several
conclusions:

e Frequency Response

The gain curve in decibels (dB) indicates that the inverting amplifier maintains a constant
gain of approximately 30 dB within the useful bandwidth, which is consistent with the

theoretical amplification factor:
R, 33
—— = ——=—33 (about 30.4dB)
R, 1
Beyond the frequency f; = 29.3 KHz (obtained at -3dB, i.e., 30.4 - 3 = 27.4dB) and up

A, =

to the transition frequency f, = 974 KHz, the gain starts to decrease, which is consistent
with the typical frequency response of an inverting amplifier using the pA741 op-amp.
This behavior is due to bandwidth limitations and the internal compensation of the
nA741.

e Time-Domain Analysis

» The oscilloscope displays the input v (t) in yellow and the output v (t) in blue.

» The observed amplification is consistent with the expected factor, meaning the output

signal v (t) 1s amplified by a factor of — % = —32.9 compared to v,(t), which means a

180° phase inversion.

» The waveform analysis confirms the proper functioning of the circuit in the time
domain, with no visible distortion within the tested frequency range (f = 1KHz).

e General Interpretation

» The inverting amplifier circuit designed using the transfer function of the pA741
operational amplifier performs as expected in terms of gain and frequency response.

» The inverting amplifier, based on the transfer function of the pA741, operates in line
with theoretical expectations, maintaining correct gain, phase shift, and frequency

response.
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» The observed high-frequency limitations are consistent with the characteristics of the

nA741, which has a relatively narrow closed-loop bandwidth (f}; =29.3 KHz).

» Due to its well-defined transfer function, this configuration is primarily suitable for
applications requiring linear amplification with phase inversion, particularly for low-

frequency signals, where the frequency limitations of the pA741 (f¢ = 1 MHz) compared
to the BC550 transistor (f; ~ 228 MHz) are not a major constraint.

3.4 Conclusion on the Inverting Amplifier

The study conducted on the inverting amplifier based on the pA741 operational amplifier
allowed for an analysis of its transfer function, considering the real characteristics of the
component. The theoretical approach, derived from Laplace-domain transfer function
equations, was validated through Proteus simulations, confirming the consistency
between the obtained results and the manufacturer's specifications.

The frequency-domain analysis revealed a stable gain within the useful bandwidth, with a
roll-off consistent with the high-frequency limitations of the pnA741. The time-domain
study, on the other hand, demonstrated an amplification behavior faithful to theoretical
predictions, exhibiting the characteristic 180° phase inversion of this configuration
However, high-frequency performance remains limited due to the restricted gain-
bandwidth product of the pA741 operational amplifier. Optimizing the transfer function
could enable better utilization in applications requiring a wider bandwidth. This section
of the chapter thus paves the way for the study of other operational amplifiers that offer
more suitable performance for high-frequency applications.

3.5 Non-Inverting Amplifier

3.5.1 Circuit Diagram

The non-inverting amplifier is a widely used configuration with an operational amplifier
(Figure 8). It consists of an input resistor and a feedback resistor, connected as follows:

e The input signal is applied to the non-inverting input (+) of the operational amplifier.

e The inverting input (—) is connected to a portion of the output signal via a voltage

divider formed by the feedback resistors.
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e The output of the operational amplifier is connected to the feedback network to

stabilize the gain of the circuit.

Ve >

Figure 8: Circuit diagram of a non-inverting amplifier based on a real operational
amplifier

3.5.2 Determination of the Transfer Function of a Non-Inverting Amplifier in the
Laplace Domain
The analysis of the transfer function of a non-inverting amplifier in the Laplace domain
requires consideration of the real parameters of the operational amplifier used. Unlike the
ideal model, a real operational amplifier exhibits limitations such as finite gain, restricted
bandwidth, and non-ideal input and output impedances.
In the case of a non-inverting amplifier using a real operational amplifier such as the
LA741, it is crucial to incorporate its specific characteristics to achieve a more precise
modeling. The parameters provided by the manufacturer, including open-loop gain and
cutoff frequency, must be taken into account to accurately represent its behavior.
By applying the fundamental principles of electrical circuit analysis, the transfer function
of this amplifier can be expressed in terms of the feedback circuit elements and the

intrinsic characteristics of the operational amplifier.
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The transfer function expression of the configuration can be derived, for instance, by
applying the feedback equations, thereby establishing a precise mathematical relationship
that describes its operation while accounting for the imperfections of the operational
amplifier [8].

We proceed as follows:

Vi(p) = Ve(p) and V_(p) = R + R Vs(p)
Or:
Vs (p)
Alp) = V(p) =A V,(p) — |4
(p) AOBAON s(p) = A() (V(p) R + R, ()
R,
o V() = A)V.(p) - R +R A(P)Vs(p)
2
1+ A0 = AP )
Cd =
R, + R, p)|Vs(p p)Velp
Ry +R R
e A A®) TR A® TR
) 1+R11-?|-1R2A(p) Rlljrle RlzJerleJ’A( )] +R2+A( ) (1+7)
1+-—32
A(p)
Finally :
R,
oy @ TR
V.(p) (1 + R_)
14
A()
(5)
For p = jw and when [—2-[ « 1, the transfer function is expressed as:
A(p)
V)
H(p) ) 1+R1

This corresponds to the voltage gain expression of the non-inverting amplifier, assuming
the operational amplifier is considered ideal.

By substituting the expression of A(p) into that of H(p), we obtain:
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R R R
Tl D,
1432 1432 1452
1+ A(p}§1 1+ Avi:;l 1+ A,,fl (1 +w%)
1+w_h
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L S PP B S T
Ao Ay  wp 1+ R/ || 1+ Ao P |
1+ Avol
1+§—i 1+§—i 1+§—i
R, Ry Ry
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/ (1+R_i) \ 1+ ) 1+Am,+ oy
'1_|_ AvoR P 1+ AR1 ( R)lwh
np Wp vo 1+_2
LB TR 1
AVO
1+§—j 1+§—§ )
() () L
- (1 + Ayo ; B 1+ Ay ; ~ (1 + ijfRIjz)
1+ P 1+ L 1+ P
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Ry
1432
ﬁ represents the gain of the non-inverting amplifier, taking into
AyoR1

With: A, =

account the real characteristics of the operational amplifier.

AyoR1

wy = (1 + ) wy, corresponds to the high-frequency limit of the non-inverting

Ry+Ry
amplifier using a real operational amplifier.

In the case of the non-inverting amplifier, the absence of a negative sign in the expression
of H(p) indicates that the signals v(t) et vg(t) are in phase in the time domain.

After determining the transfer function expression of the non-inverting amplifier,
considering the real characteristics of the operational amplifier, we can proceed with its
analysis in the Laplace domain. This study allows us to evaluate the impact of the real
operational amplifier’s limitations on the overall behavior of the amplifier, which is a key
factor for the design and optimization of electronic circuits that provide stable and
accurate amplification.

Figure 9 illustrates the asymptotic Bode plot of the magnitude of the transfer function
H(p) for the non-inverting amplifier using a real operational amplifier, obtained from its
theoretical expression

e When p < wy, then H(p) = Ayp i.e., |H(P)|ap.

R
1+52

— 20log(A,p) = 20log <(1+R—1’11RZ)> representing a straight line with zero slope.

AyoR1

Aypp WH

e When p >» wy, then H(p) - , corresponding to a straight line with a slope of -1.

i 1+§% AyoR1
[H(p)lapg =0ie,H(p) =1 pr = Ay Wy = m (1 +—) Wy

R1+R>
AyoR1

R A,R Ry +R, A,,R
)<1+ vo 1) ~ [ T Ry Aypehty = App Wy = Wp = @,

=<1+—2 —w w
B R, R,+R,) "~ R, R,+R, "
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Figure 9: Influence of limited gain and bandwidth on the frequency response

of the non-inverting amplifier with a real operational amplifier

Thus, the transition frequency wr of the non-inverting amplifier with a real operational
amplifier is approximately equal to the transition frequency w; of the operational
amplifier used.

3.5.3 Simulation in Proteus

In this concrete example illustrated in Figure 5, we study a non-inverting amplifier using
specific resistances (Ry = 1K12 et R, = 33K2) as well as the operational amplifier nA741.
The theoretical results, derived from previously established equations, will be compared
with the simulation results obtained in the Proteus environment.

e Theoretical Results

For the given resistor values (R1 = 1K et R; = 33K2), the theoretical gain of the non-

inverting amplifier shown in Figure 8 is approximately 34. Indeed:
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14+ =% 1+4+==

R, = 1KQand R, = 33KQ —» A,z = R, _ 1
! 2 ve (1+M) (1+i)
AvoRl 1)(2)(105

B 34
(1417 x1075)

= 33.994 = 34.

Moreover, the theoretical gain-bandwidth product, corresponding to the transition

frequency fr of this non-inverting amplifier, is given by:

~<1+R2)<1+ AUORl) ~<1+33) 1_|_2><105><1 c
fr= R, R, + R, fn= 1 1+ 33

fr =1000170Hz = 1MHz

Whereas its high frequency (bandwidth) is:

A”°R1> (142X s pomteknz = L = I
R +R,) "= 1+ 33 - “T34 T A,

fH - (1 +
e Simulation Results in Proteus

We then implemented the transfer function A(p) using discrete components R1 and Rz to
design a non-inverting amplifier, as illustrated in Figure 10. This circuit integrates the
transfer function A(p) of the nA741 operational amplifier in open-loop configuration

along with the resistances R1 = 1K et R = 33K/{).
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Non-inverting amplifier with transfer function
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Figure 10: Frequency and time response of a non-inverting amplifier based on the pA741

with its transfer function
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The analysis of the results obtained from the simulation of the non-inverting amplifier
circuit, based on the transfer function of the pA741 operational amplifier, leads to several
observations. Notably, the transition frequency (fy = 1MHz) of the non-inverting
amplifier is equal to the transition frequency (f; = 1MHz) of the operational amplifier,
confirming the expected behavior of the pA741 in a closed-loop configuration.

» Frequency Response

The analysis of the gain in decibels (dB) shows that the non-inverting amplifier maintains
a constant gain of approximately 30.6 dB within the useful bandwidth. This gain is

consistent with the theoretical relationship given by:

Ay=112214 3 gy
TR, 1

This corresponds to approximately 30.63 dB.

Beyond the high cutoff frequency f; = 29.3 KHz, the gain gradually starts to decrease,
illustrating bandwidth limitations and the internal compensation of the pA741. This
decline is consistent with the typical behavior of operational amplifiers in closed-loop
configurations, where bandwidth decreases as gain increases.

» Time Domain Analysis

e The oscilloscope displays the input ve(t) in yellow and the output vs(t) in blue.

e Unlike the inverting amplifier, the output is in phase with the input signal.
e The amplitude of vs(t) is amplified by a factor of % = 34, which corresponds to the

expected theoretical values.

e The waveforms confirm the proper operation of the circuit in the time domain,
without significant distortion within the tested frequency range (here f = 1KHz). The
absence of noticeable distortion validates the assumption of a linear behavior of the
circuit within this frequency range.

» General Interpretation

The non-inverting amplifier based on the transfer function of the pA741 operates as

expected. It exhibits:
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e A gain consistent with theoretical values.

¢ A frequency response limited by the bandwidth of the pA741.

e Linear amplification without phase inversion

This configuration is well-suited for applications requiring amplification without signal
inversion, particularly for low-frequency signals. However, the bandwidth limitation
remains a factor to consider, especially for applications that require a broader high-
frequency response.

3.6 Conclusion on the Non-Inverting Amplifier

The analysis of the non-inverting amplifier using the pA741 operational amplifier has
made it possible to evaluate its transfer function while incorporating the real
characteristics of the component. The theoretical equations derived from Laplace domain
analysis were compared with the simulation results in Proteus, highlighting a strong
correlation with the manufacturer's specifications.

The frequency analysis revealed a stable gain within the useful bandwidth, with a gradual
attenuation at higher frequencies, in accordance with the limitations of the pA741. The
time-domain examination also confirmed amplification consistent with theoretical
expectations, without phase inversion, which is an essential property of this
configuration.

However, high-frequency performance remains limited due to the constrained gain-
bandwidth product of the nA741. Optimizing the transfer function could enhance its
efficiency for applications requiring a wider bandwidth. This study thus opens the
perspective of exploring other operational amplifiers that are better suited to the
requirements of high-frequency systems.

3.7 General Conclusion

This chapter explored inverting and non-inverting amplifiers, using the transfer function
as a fundamental analysis tool. The study highlighted the importance of this mathematical
approach in precisely characterizing the behavior of operational amplifiers, particularly

the nA741, while accounting for its real-world limitations.
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The frequency analysis, based on the transfer function, demonstrated the impact of the
gain-bandwidth product on the frequency response of amplifiers. The inverting amplifier
exhibited phase inversion, whereas the non-inverting amplifier maintained amplification
without inversion, with a transition frequency equal to that of the operational amplifier.
The time-domain study, also guided by the transfer function, confirmed the agreement
between theoretical results and simulations in Proteus. This consistency validates the
effectiveness of the transfer function in predicting and understanding circuit behavior.
However, the performance of the amplifiers remains limited by the characteristics of the
LA741, particularly at high frequencies. Optimizing the transfer function could extend
their application to systems requiring a wider bandwidth. This work thus highlights the
importance of the transfer function as a key tool for the design and improvement of

electronic circuits.
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Chapter 4: Design and Simulation of a High-Frequency Virtual

Bipolar Transistor in Proteus

4.1 Introduction
In modern electronics, the design of high-frequency transistors is crucial for developing
fast and efficient circuits. To analyze and optimize the behavior of an NPN bipolar
transistor intended for ultra-high-frequency (UHF) applications, a systematic approach to
modeling and simulation is required.
In this chapter, we outline the approach taken to develop a virtual NPN transistor model,
aiming for a transition frequency fr of 1 GHz under a fixed collector current condition of
Ie =1 = 1.6mA.
Based on experimentally obtained results and extracted parameters, we refined a custom
SPICE model in Proteus while ensuring that previously validated simulation outcomes
remained consistent [1-2].
A customized SPICE model was designed in Proteus in alignment with the predefined
performance objectives [3]. The parameters were meticulously adjusted to achieve the
targeted characteristics during simulations.
This study not only illustrates the fundamental principles of high-frequency modeling for
an active component but also highlights the constraints and trade-offs necessary to
achieve the desired performance within a simulation environment.
4.2 Modeling Strategy
4.2.1 Description of SPICE Parameters
The parameters contained within a SPICE model are fundamental values that characterize
the behavior of a transistor in simulation. Below is a detailed explanation of the key terms
used in the .1ib SPICE file for an NPN transistor model [1-2]:

¢ I5 (reverse saturation current)

Description: The reverse saturation current (Is) is the base current that flows through

the transistor when it is in the reverse saturation region. It determines the transistor's
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speed and its sensitivity to temperature variations.

Typical Value: 1x10"'*A for a standard transistor.

* Br= pBr (Base Current Gain)

Description: By is the direct current gain of the transistor in the active region. It
represents the ratio between the collector current (Ic) and the base current (Ig). It is a
key factor in determining the transistor's performance at high frequencies.

Typical Value: 200 (meaning the transistor amplifies the base current by a factor of
200).

* V.r (Early Voltage)

Description: Vg, or Early Voltage, characterizes the depletion effect. It influences the
variation of PBr as a function of the collector-emitter voltage. A higher V,r value
indicates a transistor with improved performance at high frequencies.

Typical Value: 50V.

* Ixr (Base Saturation Injection Current)

Description: I represents the saturation effect in the base-emitter junction of the
transistor, influencing the input characteristic curve under strong bias conditions. This
parameter is used to model the variation of current gain as a function of the collector
current.

Typical Value: 0.3A

* Isg (Inverse Saturation Current of the Base-Emitter Junction)

Description: Iz is the inverse saturation current at the base-emitter junction, which
plays a role in modeling leakage currents at low temperatures.

Typical Value: 1x10™" A

* Ng (Ideal Factor for the Base)

Description: Ni represents the ideality factor in the SPICE model for the base-emitter
junction. This factor helps to model deviations from the ideal diode behavior.

Typical Value: 1.5.
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*  PBgr (Reverse Current Gain)

Description : By is the reverse current gain, representing the transistor's gain when the
collector current becomes negative. It helps model nonlinear behaviors in the inverse
saturation region.

Typical Value: 3.

* Ny (Ideality Factor for the Collector-Base Junction)

Description: Ny is the ideality factor of the collector-base junction. This parameter
helps model current losses caused by the effects of the junction between the collector
and the base.

Typical Value: 1.5.

* Rg (Base Resistance)

Description: RB is the internal resistance of the base junction, which influences the
transistor's dynamic response at high frequencies. It plays a significant role in switching
speed performance.

Typical value: 100 Q.

* Rc (Collector Resistance)

Description: R¢ is the internal resistance of the collector. It affects voltage drop and the
transistor's bandwidth at high frequencies.

Typical value: 100 Q.

* Rg (Emitter Resistance)

Description: Rg is the internal resistance of the emitter, which also influences thermal
stability and the transistor's linearity.

Typical value: 1 Q.

*  Cyg (Base-Emitter Junction Capacitance)

Description: Cjg is the capacitance of the base-emitter junction. It has a significant
impact on the transistor's high-frequency performance, particularly on the transition
frequency fr.

Typical value: 4 pF.
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* Vg (Base-Emitter Junction Depletion Voltage)
Description: Vg is the depletion voltage for the base-emitter junction. This value is
important for determining the variation of the C capacitance depending on the applied
voltage.
Typical value: 0.5 V.
*  Cjc (Collector-Base Junction Capacitance)
Description: C)c is the capacitance of the collector-base junction. It also influences the
high-frequency performance of the transistor, particularly regarding the charge storage
capacity.
Typical value: 2 pF.
* V¢ (Collector-Base Junction Depletion Voltage)
Description: V¢ is the depletion voltage for the collector-base junction. Like Vg, this
value affects the variation of the C;¢ capacitance depending on the applied voltage.
Typical value: 0.5 V.
* Tg (Base-Collector Transit Time)
Description: Ty is the transit time, which measures the transistor's response speed. A
shorter transit time helps increase the transition frequency (fr).
Typical value: 0.1 ns.
* Tgr (Rise Time)
Description: Ty is the rise time, which refers to the time required for the transistor's
output to transition from a low to a high state.
Typical value: 10 ns.
Once these parameters are properly defined and adjusted, they enable the creation of a
realistic transistor model in Proteus 8. These adjustments are essential for simulating and
optimizing the transistor's behavior in high-frequency applications [4].
4.2.2 Selection of Critical Parameters
To achieve a transition frequency fr of 1 GHz under a collector bias set at

I =1z = 1.6mA, a meticulous selection of SPICE parameters was necessary.
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The main objective was to optimize the high-frequency performance of the virtual
transistor that we aim to design in Proteus 8.

The parameters considered critical for directly influencing fr are:

* The junction capacitances Cjz and Cjc, which influence the transistor's capacitive
behavior at high frequencies.

* The transit time Tg, which determines the transistor's response speed.

* The direct current gain Br (parameter Bg), which governs the device's dynamics in the
active region.

 The transistor's internal resistances (not to be confused with external bias resistances)
Rpg, Rc et Rg, which affect bandwidth and model stability.

These parameters were prioritized for precise adjustments during the modeling phase in
Proteus.

4.2.3 Adjustment of SPICE Model Parameters

Before defining the .lib file, an initial theoretical estimation of the transition frequency fr
was conducted to guide the adjustment of critical parameters.

The transition frequency fr of a bipolar transistor can be approximated using the

following equation:
1

Cg+C
o (B0 )

m

fr=

Where :

e g is the transconductance, given by :

Ic
I =7,
with V being the thermal voltage (approximately 26 mV at 300K).
Preliminary Calculation
ForIc=1Ico=1.6 mA:

1.6 x 1073

Im
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By setting initial values : C;jg = 4 pF, C;c =2 pF et Tr = 0.1 ns, we can estimate the time

constant :

= (Cﬂfg;mcfc) T, = (4 +02.())6X1;0  01x107 = 97.56 ps + 100 ps
= 197.56 ps

So:

fr ! ~ 806 MHz

T 27 x 197.56 x 10-12

This initial theoretical calculation shows that, to reach f; =1 GHz, an additional
adjustment of the transit time T is required.

A second quick calculation yields the following for f; = 1 GHz:

. 1 1
Foomx fr  2mx10°

Given the selected capacitances, T needs to be slightly reduced below 0.1 ns or Cjg et
Cjc must be adjusted accordingly.
Final Selection of Parameters for SPICE Modeling:
e Cjr=1.63pF
e Cjc=2pF
e Tr=0.Ins
e Br =200 (a sufficient value to ensure good current gain)
e Rz =100 Q (base)
e R =100 Q (collector)
e Rg =1 Q (emitter)
4.2.4 Implementation of the SPICE Model
The corresponding SPICE model is:
MODEL BC550_ FAST NPN (
+ IS=1E-14 BF=200 VAF=50 IKF=0.3 ISE=1E-13
+ NE=1.5 BR=3 NR=1.5 RB=100 RC=100 RE=1
+ CJE=1.63p VIE=0.5 CJC=2p VIC=0.5
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+ TF=0.1n TR=10n)

Where:

IS = 1E-14; Reverse saturation current

BF =200; Current gain in active mode

VAF = 50; Early voltage (voltage dependence model)

IKF = 0.3; High-frequency gain factor

ISE = 1E-13; High-temperature reverse saturation current

NE = 1.5; Emission factor for the base junction

BR = 3; Current gain in saturation mode

NR = 1.5; Emission factor for the collector junction

RB =100 Q; Base resistance

RC =100 Q; Collector resistance

RE =1 Q; Emitter resistance

CJE = 1.63 pF; Base-emitter junction capacitance (Farad)

VIJE = 0.5 V; Base-emitter junction voltage

CJC = 2 pF; Collector-base junction capacitance (Farad)

VIC = 0.5 V; Collector-base junction voltage

TF = 0.1 ns; Transit time (seconds)

TR = 10 ns; Rise time (seconds)

4.2.5 Conclusion

In this section, we have detailed the process of creating a custom transistor for Proteus,
including the generation of the .lib file. We have explained each step involved in defining
the pins, internal architecture, and necessary parameters to build an accurate
representation of the component. This part of the work enhances the Proteus library with
tailor-made components, adapted to the specific requirements of simulation

The integration of the .1ib file and simulation verification will be covered in the next step
to ensure the validity and full functionality of the component within the design

environment.
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4.3 Quick Procedure for Implementing the .lib File in Proteus

To integrate a custom transistor (e.g., BC550 FAST) into Proteus from a .lib file (which

should be placed in the Proteus project directory), a simple and efficient method involves

using an existing symbol or creating a new one.

Here is the detailed procedure:

1- Using an Existing Symbol

v

v

v

Open Proteus.

Go to Library — Pick Devices/Symbols.

Search for a standard symbol such as NPN or PNP.

Select a symbol that matches the desired transistor type (in this case, NPN).

This method speeds up the process without requiring the creation of a custom

symbol.

Q1
NPN

2- Linking the .lib File with Make Device
v Go to Library (or right-click) — Make Device.

v" In the Device Creation Wizard:

- Assign a name to the component (e.g., NPN).
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‘ -4 Make Device

l —
Enter the name for the device and the component reference prefix

N Device Name:

Reference Prefog Q

Enter the name of any extemal module file that you want attached 1o the device when & is placed

Bxtemal Module:

Active Component Properties:

Enter properties for component animation. Please refer to the Proteus VSM SDK for more information.

Symbol Name Stem

Help Next>

- Click Next.

v b4 Make Device

» IEN

C There are no PCB packagings defined for this device. Use the Add/Edt button to assign one or more
packagings to the device. You can then select the approprate packaging by edting the placed

N

The device has no packagings to preview.

Add/Edt

Help <Back Next>

- Click Next again.

| k-4 Make Device

» IEN

C Use the New and Delete keys to add/remove properties to the device. Properties can be used to specfy
packaging for PCB layout and parameters for smulator models. as well as information such as stock codes

and components costs
Nii .

— Property Defintion

x| Mome OFF

L] Desgription intialy OFF

| Dre Boolean (Checkbox) v

:

-
Type: Nomal v
Propedy Defauts.

=

T|  Defauk Vae (None) v
Visbity Hde Name 8 Vae v

Help <Back Nest> Cancel
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- To insert transistor parameter values, click SPICEFILE, then enter the name of

the .lib file (Here, BC550 FAST.lib) as shown.

Component Properties & Definitions

Use the New and Delete key! device. Prop -
packaging for PCB layout and parameters for smulator models. as wel a3 information such as stock codes
and components costs.

N —  Propety Defintion:

x| Nome: SPICEFILE

L Desgroton: Spice Model Fie

af Dre Flename v

- ntial Drectory:

| e Descrption: | SPICE Model Fies Bdh: |"INC U
Type: | Nomal v

] Property Defauts:

Z|  oetout Fename: =]
Visbity: Hide Name & Value v

Use defauk property defintions when edting Components?
[ Hep | | Back [ New | ¢ Cancel

Component Properties & Definitions
Use the New and Delete ki device. Properties can be used to specfy
packagng for PCB layout and parameters for simulator models, a3 wel a3 information such s stock codes
and components costs.
N OFF Property Defintion:

[ ~
SpcemooeL z|  Nome SPICEFILE
‘?sf Ld  Desgrption: Spice Model Fle
c:; o] Ire 'Hmn. v ,
e LI pealOrectory: | J
e | e Descrpton: |SPICE Model Fies Ben: "INC"U
NR Type: Nomnal v
VAR -
KR Property Defauly
1SC =
3 o oeess
an

N Delete Wisbity. Hde Name 8Vae v

Use defauk property defintions when edeing Componerts?

Heb <Back Ok Cancel

- Next, click SPICEMODEL, then enter the name that appears on the first line of
the .1ib file (Here, BC550 FAST) as displayed.

Property Defintion:

| ome: SPICEMODEL

] e [cmiioca

o] Dpe Seng v

=

L] Dre Noamal v
Property Defauls,

| oetaryae: [lecsso_fast

T yebly Tide Nome S Voo v

Use defauk property defintions when edting Componerts?

Heb Bock |[ New | O Cancel
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- Click Next.

Device Data Sheet & Help File

n You can Ink your device to  data sheet (Acrobat PDF file) and/or a helpfle. These can then be
e ey e

NI Data Sheet:
e E—

Help Topic:
Help Fle: MODELS>POPUP a
Context Number: 153

- Click Next again.

Indexing and Library Selection
Device Category: ) Save Device To Lbary:
N Modelog Prmtves v [New! PT
e [ [
| Analog (SPICE) v|[New] |73HC.
(None) v| [New. %S0
ACTIVE
Stock/Order Code: ANALOG

. ASIMMDLS
Device Descrption: ASSMANN
NPN Bipolar Transistor primitive AR

[ Advanced Mode (Edt Fieids Marusy) ey
Device Notes: BSTAUP

o | [ | oo | o | G |

- Enter the data and finalize by clicking OK.

Indexing and Library Selection

Mw ) Save Device To Lbrary:

Transstors v| [New | |EETCHENSS .|
NI . - 74AS

e — o [l

| Bpolar v| [New ;ﬁ'

Device Manfacturer: o |78

| MNone) v| [New] |7as1D

ACTIVE
Sock/Order Code: ANALOG

Device Description: ASSMANN
NPN Bipolar Transistor primitive AVR

! |eiPOLAR
[ Advanced Mode (Edt Fieids Manualy) BRIDGE
Device Notes: BSTAMP

Heo | [ @k | weo [ ok ]| com |




Thus, we have created a transistor called NPN within the Proteus library. This transistor
incorporates parameters extracted from the .lib file, some of which were specifically
defined to achieve a transition frequency fr=1 GHz [5].

4.4 Presentation and Validation of the Model in Proteus

The practical validation of the transistor model we designed was carried out in two main
steps:

4.4.1 Static Biasing of the Transistor and Dynamic Operation

First, we inserted the custom transistor into a biasing circuit, using exactly the same
resistance values as those determined earlier in chapter 2.

The objective was to position the operating point (Q) at the center of the static load line,
ensuring optimal linear amplification with a voltage gain of A, =—100.

After simulation in Proteus, the results obtained for the static voltages (Figure 1) were
identical to those previously obtained with the standard transistor from the Proteus library
(see Chapter 2), this confirms the validity of the component’s static modeling.

For the dynamic results (Figure 2), the measured voltage gain is:

1.75
Av|f=1 MHz — — = —87.5

20x1073

Vce=+12v

] RB1 3 c3
> Vs

59.474k

veQ\,.\J | 2 B o
A @ @ @
T I 1

vs VEM VCM VCM

Figure 1: Static results of a common-emitter amplifier with a decoupled emitter using our

custom transistor
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Vee=+12v

] RB1 3
59474k >

,,,,, na

Il REE IR
LJ 33,953k II 125k T o Q
— M

Figure 2: Dynamic results of a common-emitter amplifier with a decoupled emitter using

our custom transistor (f = 1 MHz)

4.4.2 Frequency Response Analysis of the Common-Emitter Amplifier
The frequency response simulation of the amplifier in Figure 1 allowed us to plot the

curve of voltage gain as a function of frequency (Figure 3).

Vee=+12v

[] RB1
59 474k
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b)
Figure 3: Frequency response of the amplifier with a custom transistor a) Simulated in

Proteus b) Processed in ORIGIN 50

We have thus observed that the obtained transition frequency fr is 1 GHz, which
perfectly matches the value initially set during the model creation from the .lib file.

These static and dynamic results confirm that our custom transistor behaves as expected,
thereby validating the effectiveness of the implementation method used.

4.4.3 Conclusion

Through this practical section, we successfully validated the implementation of a custom
transistor model in Proteus using a .lib file. After creating and integrating the component,
we verified its behavior by performing static biasing, which matched the results

previously obtained with a standard transistor from the Proteus library.
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Furthermore, the frequency response analysis of the common-emitter amplifier confirmed
that the transition frequency fr indeed reached 1 GHz, the value we had specified during
the model design.

These results demonstrate that the adopted method allows for the creation of reliable
components that accurately reflect the targeted characteristics, paving the way for the
development of custom models for specific electronic applications.

4.5 General Conclusion

This chapter has comprehensively presented the design, implementation, and validation
of a high-frequency bipolar transistor model in Proteus. Through a theoretical analysis of
SPICE parameters (junction capacitances, transit time, current gain, internal resistances),
we defined and adjusted a custom model targeting a transition frequency fr of 1 GHz for
a collector current of 1.6 mA. The integration process of the .1ib file in Proteus, supported
by either creating or reusing a symbol, enabled the generation of a functional component
within the simulation environment.

The static results (resting points identical to those obtained with the standard component)
and dynamic results (frequency response confirming fr = 1 GHz) validated the model’s
accuracy. This approach highlights the importance of a precise balance between electrical
parameters and practical constraints to achieve optimal high-frequency performance.
Ultimately, the methodology developed here provides a solid foundation for the creation
and evaluation of custom transistor models, paving the way for the design of RF and

UHEF circuits tailored to specific application needs.
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General Conclusion and Perspectives

This final-year project has provided an in-depth exploration of the behavior of analog
amplifiers through an approach that integrates solid theoretical foundations, rigorous
simulations, and advanced modeling. By focusing on bipolar junction transistor (BJT)
amplifiers and operational amplifiers (op-amps), we have highlighted key parameters that
govern their frequency behavior, such as static gain, transition frequency (ft), and
internal parasitic effects.

Using the Proteus 8 Professional environment, we validated analytical models derived
from the Benahmed method through simulations, demonstrating strong coherence
between the theoretical transfer function expressions and the actual dynamic behaviors
observed. The precise extraction of bias parameters, coupled with detailed frequency
analysis, enabled the design of robust amplifiers well-suited for extended bandwidth
requirements.

One of the original contributions of this project is the creation and integration of a
hypothetical SPICE model of an ultra-high-frequency transistor (f1= 1 GHz), expanding
simulation possibilities beyond the physical limits of standard components. This
approach aligns with a forward-looking vision, aiming at the development of high-
performance analog circuits for advanced applications in telecommunications, signal
processing, and instrumentation.

Several future directions can be considered based on this work:

Multi-stage optimization: The design of multi-stage amplifiers, incorporating
differential configurations or active loads, could achieve higher gains while maintaining
bandwidth control.

Integrated design: A relevant perspective would be the transition of these models into
microelectronics implementation, particularly through Cadence or LTspice simulations in

CMOS technology.
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Incorporating non-linearities: Introducing non-linear effects such as harmonic
distortion and gain compression in analytical models would allow for a more realistic
assessment of performance under extreme dynamic conditions.

System-oriented applications: Integrating the developed circuits into complete systems
(active filtering, sensor conditioning, analog modulators) would validate their functional
relevance in real-world applications.

Overall, this project has served as a structuring step in mastering techniques for
modeling, simulation, and optimization of analog circuits, while opening valuable
perspectives for further developments towards more complex and high-performance

electronic systems.
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Summary
This final-year project focuses on the analysis, modeling, and simulation of analog amplifier
circuits based on bipolar junction transistors and operational amplifiers. It uses simulation tools to
assess the frequency-domain performance of such circuits. The project also involves the
development of a fictitious SPICE model for simulating very high-frequency applications. It
strengthens skills in analog circuit design, mathematical modeling, and simulation, while paving the
way for more advanced electronic systems.
Keywords
Analog amplifiers, bipolar junction transistors, operational amplifiers, ISIS-Proteus, frequency-
domain simulation, transfer function, SPICE modeling, fictitious model, circuit design, very high
frequency (VHF)
Résume
Ce projet de fin d’études porte sur ’analyse, la modeélisation et la simulation de circuits
amplificateurs analogiques a base de transistors bipolaires et d'amplificateurs opérationnels. Il
s’appuie sur des outils de simulation pour évaluer les performances des circuits dans le domaine
fréquentiel. Le travail inclut également la création d’un modeéle SPICE fictif permettant de simuler
des applications a tres haute fréquence. Ce projet a permis de renforcer les compétences en
conception de circuits analogiques, en modélisation mathématique et en simulation, tout en ouvrant
la voie a des systemes électroniques plus avances.
Mots clés
Amplificateurs analogiques, transistors bipolaires, amplificateurs opérationnels, ISIS-Proteus,
simulation fréquentielle, fonction de transfert, modélisation SPICE, modele fictif, conception de

circuits, trés haute fréquence (THF).



