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Transistor Amplifiers

Introduction
This assignment will demonstrate the design, simulation and construction of a transistor amplifier circuit. It will outline the different types of transistor amplifiers, which transistor has been chosen, and the circuit design. A simulation of the circuit will be built using Multisim and the results compared to the circuit design. It will also show how the addition of a capacitor affects the circuit and how to use a two stage amplifier to achieve a greater overall gain.

Objectives
The assignment is broken down into four areas. The investigation of transistor amplifiers and explain the different types and outline their voltage, current and power gains. As well as show detailed information on the specific Transistor chosen for this assignment.
The second area covers the design of the circuit, including calculations and declare any assumptions that will be made. A simulation of the circuit will be built in Multisim and, using the data obtained from running the simulation, compare the results with the design data. 
Then it will explain how the gain of the amplifier could be increased with the addition of a capacitor. The Multisim simulation will also be adapted into a two-stage amplifier with an overall gain of 50 and the results analysed.
Finally the design circuit will be built and tested using lab instruments, the results will be compared to the theoretical design explaining any variations. 


Transistor amplifier Research
Since the invention of the transistor in 1947 it has replaced vacuum tubes used in amplifiers. Allowing much smaller electronic devices to be constructed.
Transistors made of semiconductors replaced tubes in the construction of computers. By replacing bulky and unreliable vacuum tubes with transistors, computers could now perform the same functions, using less power and space.
(Bellis, 2019)
Transistors are made from silicon, is a semiconductor, which can conduct electricity sometimes but acts like an insulator in others. 
Silicon is a semiconductor, which means it's neither really a conductor (something like a metal that lets electricity flow) nor an insulator (something like plastic that stops electricity flowing). If we treat silicon with impurities (a process known as doping), we can make it behave in a different way. If we dope silicon with the chemical elements arsenic, phosphorus, or antimony, the silicon gains some extra "free" electrons—ones that can carry an electric current—so electrons will flow out of it more naturally. Because electrons have a negative charge, silicon treated this way is called n-type (negative type). We can also dope silicon with other impurities such as boron, gallium, and aluminium. Silicon treated this way has fewer of those "free" electrons, so the electrons in nearby materials will tend to flow into it. We call this sort of silicon p-type (positive type).
(Woodford, 2007)
Transistors can be either used as an amplifier or a switch. When used as a switch a small electric current flows through the transistor making a much bigger current flow through another part of it, thus a small current switch on a larger one. Amplifiers are used to increase the power of a signal, making the output signal stronger than the input one.
This assignment investigates the use of a transistor as an amplifier. There are two major types of transistor amplifiers Bipolar Junction Transistors (BJT) and a Field Effect Transistor (FET).
Bipolar Junction Transistors
There are two types of Bipolar Junction Transistors, PNP and NPN, which describe the physical arrangement of the P-type and N-type semiconductors. Each type consists of two PN junctions producing three connecting terminals known as the Emitter (E), the Base (B), and the Collector (C). As shown in the diagram below.
[image: ]
Figure 1: Physical arrangement of BJT types
Bipolar Transistors are current regulating devices that control the amount of current that flows through them. A small biasing voltage applied to the base terminal acts like a current controlled switch. The two types of transistors operation is the same, the difference being their biasing and the polarity of the power supply. As the Bipolar Transistor is a three terminal device there are three possible ways to connect it to an electronic circuit, with one terminal being common to both input and output.
· Common Base – has Voltage gain but no Current gain
· Common Emitter – has Voltage and Current gain
· Common Collector –  no Voltage gain but has Current gain
[image: ]NPN Bipolar Transistors
The most commonly used transistor configuration is the NPN Bipolar Transistor, as shown to the right. The Base and Collector terminals are always positive with respect to the Emitter and the Collector is more positive than the Base terminal. The Current Gain (measure in Beta β) of the device is the ratio between the larger current flowing between the Collector and Emitter terminals, and a small biasing current flowing through the Base terminal. The value of  can be as large as 200 in standard transistors, making the NPN Bipolar Transistor a useful amplifier.Figure 2: NPN Type BJT

PNP Bipolar Transistors
[image: ]The PNP Bipolar Transistor is the opposite of a NPN Transistor, as the construction of the two diodes are reversed. As shown in the diagram to the left which also shows the Emitter terminal arrow pointing into the transistor symbol. The polarities in a PNP Transistor are reversed which means that they ‘sink’ current through the Base terminal as opposed to the NPN which ‘sources’ current. PNP Transistors us a small output base current and a negative Base voltage to control much larger Emitter-Collector currents. PNP Transistors are very similar to NPN except the polarities of the current and voltage directions are reversed for any one of the three possible configurations.Figure 3: PNP Type BJT

Field Effect Transistors
The Field Effect Transistor (FET) uses the voltage applied to their input terminal to control the output current, their operation relies on the electric field generated by the input voltage. Therefore the FET is a voltage operated device as opposed to the BJT, which are current operating devices.
A field effect transistor (FET) is different; it is a voltage controlled device in which the voltage at the gate terminal controls the amount of current through the device
(Floyd & Buchla, 2014, p. 794)
FET devices have very similar properties to the BJT, high efficiency, instant operation, robust, cheap and they can be used in most circuits that use the equivalent BJT. Like the BJT there are two types N-Channel and P-Channel. FET devices are ‘Unipolar’ that depends on the conduction of either Electrons (N-Channel) or Holes (P-Channel), BJT are ‘Bipolar’ allowing them to operate on both Holes and Elections.
The FET has a major advantage over the BJT and that is their input impedance is very high (in the thousands of Ohms) making them very sensitive to input signals. However this also means that they can be very easily damaged by static electricity.
There are two main types of FETs; the Junction Field Effect Transistor (JFET) and the Metal Oxide Semiconductor Field Effect Transistor (MOSFET). The MOSFET is also known as an Insulated-gate Field Effect Transistor (IGFET)
JFET
[image: ]The Junction Field Effect Transistor (JFET) has a narrow piece of high resistivity semi-conductor forming a ‘Channel’ of either N-Type or P-Type silicon with electrical connections at either end, called Drain and Source. There are two types of configuration of JFET; the N-Channel when the flow of electrons through the Channel is negative, and the P-Channel when the electron flow is positive, in the form of Holes. Within the Channel there is a third connection called a Gate, this can be a P or N type forming a PN junction. The Channel is a resistive path through which a voltage causes a current to flow. A voltage gradient is formed down the length of the Channel with this voltage becoming less positive as it goes from the Drain terminal to the Source terminal. The result is the PN Junction has a higher reverse bias at the Drain terminal and a lower revers bias at the Source terminal. This bias causes a ‘depletion layer’ to form within the Channel whose width increases with the bias. The magnitude of the current flowing through the Channel is controlled by the voltage applied at the Gate terminal. In an N-Channel the gate voltage is negative and, in a P-Channel the voltage is positive.Figure 4: JFET circuit symbols


Comparison of connection between JFET and BJT
	Emitter E	Source S
	Base B		Gate G
	Collector C	Drain D

MOSFET
[image: ]A Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is a type of field effect transistor with a Metal Oxide gate (usually silicon dioxide) which is electronically insulated from the main semiconductor N-Channel or P-Channel. The isolation of the controlling gate gives an extremely high input resistance of the MOSFET, so high as almost infinite. With the gate being isolated from the main current carrying channel no current can flow through into the gate thus the MOSFET acts like a voltage-controlled resistor. However, this high input resistance can easily accumulate large static charges, like the JFET can become easily damaged.
The MOSFET has an additional terminal called the Substrate which is used for grounding the substrate. It connects to the main semiconductor through the diode junction to the body of the MOSFET.Figure 5: MOSFET Circuit Symbols



Manufacturers Data Sheet for BC109 Transistor 
The type of transistor used in this assignment will be a Multicomp BJT NPN BC109 type transistor. A copy of the data sheet is reproduced below and the original can be found at: http://www.farnell.com/datasheets/296634.pdf 
[image: ]
[image: ]
[image: ]

Circuit Design
The amplifier circuit has been design below, with a voltage of 10V and overall gain of 16. The voltage across resistor Rc has been assumed to be 5V. As transistor has two possible gain depending on the value of Ic it has been assumed that the Ic in this case is 2mA. Also, the current across resistors R1 and R2 have been calculated using the rule of thumb that R1 current is 11 times bigger than Ib and R2 current is 10 times bigger than Ib. The transistor used is a BC109 BJT Type.
[image: ]
Gain = 16	β = 200 (Obtained from Data sheet)	RE = 60µΩ (Obtained from Data sheet)
	Voltages
	Resistances
	Current

	Vr1 – 8.988V
	R1 – 8.17KΩ
	Ir1 – 110µA

	Vr2 – 1.012V
	R2 – 1KΩ
	Ir2 – 100µA

	Vb – 0.7V (From data sheet)
	Rc – 2.5KΩ
	Ib – 10µA

	Vc – 5V (Assumed)
	Re – 156.25Ω
	Ic – 2mA (Assumed)

	Ve – 0.3125V
	
	Ie – 2mA


The values were obtained using the following equations:
Resistance across Rc
Using the assumed values for Vc and Ic the resistance across Rc can be found

Rc = 2.5KΩ

Resistance across Re
With the calculated value for Rc and the value of RE obtained from the data sheet. The resistance across Re can now be calculated.
 				

Re = 156.25Ω
Transistor Current Ib
To calculate the values of R1 and R2 the current and voltage across them needs to be calculated. To find the current of R1 and R2 the rule of thumb can be used so the current Ib needs to be worked out.

Ib = 10µA
Current across resistors
The current across Rc is assumed to be 2mA.
Ic = 2mA
The rule of thumb says the current of R1 is 11 times the value of Ib

Ir1 = 110µA
And the current of R2 is 10 times the value of Ib

Ir2 = 100µA

Ie = 2mA
Voltages across resistors
The voltage across Rc is assumed to be 5V.
Vc = 5V
The voltage across Re can be calculated using Ohms Law

Ve = 0.3125V
Once Ve has been obtained Vr2 can be calculated using Vb which was obtained from the data sheet.

Vr2 = 1.0125V
Vr1 can be worked out by subtracting the voltage Vr2 from Vcc

Vr1 = 8.9875V
Resistor Values for R1 & R2
Finally the values of the resistors R1 and R2 can now be calculated using the voltage and current previously obtained.

R1 = 8.17kΩ

R2 = 1kΩ


Multisim Simulation
In order to test the design before constructing it. The following simulation was produced using Multisim.
[image: ]
[image: ]The function generator (XFG1) inputs a signal into the amplifier and the oscilloscope (XSC1) records both the input and the output signals allowing the gain to be calculated. 
The results of the simulation being run are shown on the oscilloscope. The top wave is the input signal and the lower wave is the output signal. The input signal is shown on a scale of 20mV per division, which means that each square on the Y-axis is 20mV. As the input signal covers 2 squares it is approximately 40mV peak to peak. The output signal is shown on a scale of 200mV per division meaning that each square on the Y-axis is 200mV. As the output signal covers just over 3 squares the peak to peak voltage is roughly 640mV, this gives a gain of 16.

The gain of 16 is as expected as the circuit was simulated using the data obtained in the design of the circuit. This confirms that the calculation used in the design of the circuit has been accurate.

Input/Output Impedance
To calculate the input impedance Thevenin Theorem is used.
The current in any branch of a network is that which would result it an e.m.f. equal to the p.d. across a break made in the branch were introduced into the branch, all other e.m.f.s being removed and represented by the internal resistances of the sources.
(Bird, 2017)
Which means a linear circuit containing several voltages and resistances can be replaced with just a single voltage and a single resistance connected across the load. The following formula can be used to find the single impedance (resistance), with Zin being the input impedance;

Therefor the input impedance is calculated as:

Zin = 656.86Ω


Addition of a Capacitor
 The inclusion of a capacitor into the circuit (called a bypass capacitor) effectively cleans up the signal, helps reduce the thermal loss from a transistor and therefore stabilises the output increasing the gain of the amplifier.
The bypass capacitor shorts the signal around the emitter resistance, Re, in order to increase the voltage gain.
(Floyd & Buchla, 2014)
[image: ]
[image: ]This is the original circuit used with the addition of a bypass capacitor (C3). The output this circuit produces is show here. As before the input is the top wave and the output the bottom. The maximum input as shown by the yellow marker (T2) is 19.875mV and the maximum output is shown by the blue marker (T1) is 411.414mV. The now gives a gain of 20. Therefore, the inclusion of a 1µF capacitor has increased the gain by 4.




If the capacitor size is increased, then so is the gain as shown using the circuit below. The bypass capacitor is now a 2µF capacitor.
[image: ]
[image: ]The values on the oscilloscope show the maximum input voltage (T2) is 19.931mV and the new output maximum voltage is 641.301mV. Giving a new gain of 32 which is an effective method of increasing the gain of an amplification circuit. Another way is to include a second amplification circuit making it a two-stage amplifier.


Two-Stage Amplifier
To increase the output gain a second amplification circuit can be added. 
In the circuit below a second amplifier has been added to achieve a gain of 50. The second amplifier is designed the same as the first except for the second Re resistor, 2Re, the value of this resistor determines the additional gain for the original gain of 16 to make 50.
[image: ]
The value of 2Re is calculated firstly by working out how much gain we need in the second circuit. As an overall gain of 50 is needed and the current gain from the first circuit is 16 than the gain on the second circuit needs to be 3.125. 

The easiest way to determine the value of 2Re is by dividing the value of 2Rc (2500) by the gain needed in the second circuit (3.125)



[image: ]2Re = 800Ω
The results of this two-stage amplifier are shown on the oscilloscope here. The maximum input voltage (T2) is 19.916mV and the maximum overall output (T1) is 955.624mV. This gives an overall gain of 48, while this is slightly short of the desired gain of 50 it can be achieved by replacing the bypass capacitor with a more suitable one. 
 
Built Amplifier Tested
[image: ]Once the amplifier circuit has been designed and simulated to prove its functioning correctly it then needs to be practically built and tested.  It has been constructed using a breadboard circuit. With the top two rows being the positive voltage and the bottom two the negative voltage with the middle strips connected vertically. The resistors, capacitors and transistor have been connected as per the design. However due to the resistor only being manufactured in certain values some of the resistors are not the design values, but the closest available to them. Listed below are the changes that had to be made.
	Resistor Name
	Design Resistance
	Actual Resistance

	R1
	8.17KΩ
	10KΩ

	R2
	1KΩ
	1KΩ (No change)

	Rc
	2.5KΩ
	2.7KΩ

	Re
	156.25Ω
	180Ω



[image: ][image: ]The built amplifier was then connected to a 10V power source and an oscilloscope and tested.2 Power Source set to 10V
1 Built amplifier connected up



[image: ]
The oscilloscope read out above shows the yellow input wave and the blue output wave. The input wave is 100mV for each square and the full waves covers approximately 2.2 squares giving an input voltage of approximately 220mV. The output wave is measuring 1V for each square with the full wave covering approximately 3.3 squares giving an output voltage of approximately 3.3V. 
The gives a gain of 15. As this differs slightly to the designed gain of 16, this can be put down to the resistors being different values in the physical amplifier compared to the simulated design.
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Feature:

TO-18 Metal Can Package
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Absolute Maximum Ratings

Description Symbol BC109 Unit

Collector-Emitter Voltage Vceo 25

Collector-Base Voltage Veeo 30 \

Emitter-Base Voltage Veso 5.0

Collector Current Continuous Ic 0.2 A

Power Dissipation at T, = 25°C 0.6

Derate above 25°C P 2.28 w

Power Dissipation at Tg = 25°C o 1.0 mw/°C

Derate above 25°C 6.67

Operating and Storage Junction Temperature Range Ty, Tstg -65 to +200 °C

Thermal Resistance

Junction to Case Rih (c) 175 °C/IW
Electrical Characteristics (T, = 25°C unless otherwise specified)

Description Symbol Test Condition Minimum Maximum Unit
Collector-Emitter Voltage Veceo lc=2mA, Ig=0 25 - v
Emitter Base Voltage Veso le=10pA, Ic =0 5.0 -

Vep=25V, Ig=0 = 15 nA
Collector Cut off Current lceo Tamp = 125°C
Vg =25V, lg=0 - 4.0 HA
Ic = 10pA, Vg = 5V
B Group 40
C Group 100 -
DC Current B
FE -
Ig = 2mA, V¢g = 5V 200 800
B Group 200 450
C Group 420 800
o | 0.83
Base Emitter Saturation Voltage Vee (sat) = 105
Ic=10mA, I = 0.5mA 5
Ic=100mA, Ig = 5mA 0.25
Collector Emitter Saturation Voltage VeE (sat) - 0'60 \"
lc = 2mA, Vg = 5V 0.55 0.70
Base Emitter On Voltage VEBE (on) Io = 10mA, Veg = 5V : 077
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Electrical Characteristics (T, = 25°C unless otherwise specified)

Description Symbol Test Condition Minimum Maximum Unit
v Ic=10mA, Ig = The value
Collector Knee Voltage CE (K) for which I = 11mA Y 0.60 \
atVee =1V
Ve =5V, Ic = 10mA
f CE \lc 3 ~
Transition Frequency it f= 100MHz 150 MHz
Vee =5V, I = 0.2mA
Noise Figure NF Ry 20
F = 30Hz to 15KHz - 40 dB
F = 1kHz,B = 200Hz 40 B
Output Capacitance Cobo Vg = 10V, f = 1MHz e 45 pF
ALL f = 1kHz
Small Signal Current Gain hfe Ic = 2mA, Ve = 5V 20 200 -
B Grou 240 500
& qu: 450 900
I = 2mA, Vgg = 5V
Input Impedance hie B Group 3.2 8.5 KQ
C Group 6.0 15 KQ
Ic = 2mA, Vg = 5V
Output Admittance hge B Group - 60 pnQ
C Group 110
Part Number Table
Package Part Number
BC109
TO-18 BC109B
BC109C

08/04/06 V1.0
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