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This report discusses the BJT (Bipolar Junction Transistor) specifically the BC549 B, which is an NPN type, for use as an audio amplifier through a set of experiments. The objective of this report is to obtain a deeper understanding of the use of a BJT as a signal amplifier this could be used for many applications such as an audio amplifier, it would be helpful to define a series of equations or graphs to reference for future projects to find the gain at certain operating points.
[bookmark: _Toc475803115]Theory

A BJT is one of the only types of transistor that operates through both electrons and holes to operate. In this report an NPN version is used where the emitter is very heavily N doped, base is p doped and collector is heavily n doped(fig 1). As of these dopings 2 depletion regions are setup meaning current cannot flow from emitter to collector without a voltage applied to the base, when a voltage is applied to the base the emitter and collector can start conducting with a direct proportionality to the signal applied to the base assuming stays constant. This means the BJT is often used in amplifiers to boost a signals strength so a small signal can run a resistive load like a speaker. But as of the bias on the base the BJT can be used as an electronic switch to avoid a signal “floating”.
[image: ][image: ]
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To begin the circuit in figure 3 was set up with an NI Elvis multimeter measuring the [1], a Tenema  multimeter[2] measuring the  and finally the Agilent bench multimeter[3] Measuring  (These currents and voltages can be seen on figure 1 and 2). 
[image: ]
The circuit is then powered by a constant 15V dc supply from a Keysight PSU [4]. After this results can be taken by varying the potentiometers(left) setting at a constant value throughout the results and stepping up the value of by varying the second potentiometer (right). The value for  is then written down for these steps of . When those results are done the value of is then increased and the process is repeated until all results are obtained.

Next a voltmeter is added to the circuit as shown below (figure 4) in this case another Tenema  multimeter[2] used to measure  and the NI Elvis multimeter[1] was moved to measure .
[image: ]
The circuit is again powered by a 15V dc supply [4] , The potentiometers are used this time to keep  constant and this time   is increased in steps with and measured. Making sure that    isn’t too large so that the transistor heats up and alters the transistors response.
After these the best values of resitances for the audio amplifier can be calculated and therefore are ready to make the amplifier circuit. These resistances can then be added to the circuit as shown below (figure 5)
[image: ]
With the same power supply[4] Set the value of   to 7.5v and measure the values of ,and   
This is then used to check values against that of the calculations.
The circuit below(figure 6) is now made.

[image: ]
A signal of 10kHz is now applied on the signal input , set this at around 15mV and alter until the signal out is around 2V peak to peak, this was measured by a keysight oscilloscope [5]. Now the values of (and( should be noted down to find the gain which can be compared to the calculated. It may also be of use to look at the phase difference of input to output.
After testing with no load the same circuit with a speaker in should be tested noting down (and( again to see the gain this time. Make sure to measure the resistance of the speaker used.
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	Ib(uA)
	Vce(V)
	Ic(mA)

	5.00
	0.00
	0.00

	5.00
	0.05
	0.18

	5.00
	0.10
	1.01

	5.00
	0.50
	3.37

	5.00
	1.00
	3.35

	5.00
	4.00
	3.56

	5.00
	7.00
	3.75

	5.00
	11.00
	3.84

	5.00
	13.00
	3.95


	Ib(uA)
	Vce(V)
	Ic(mA)

	10.00
	0.00
	0.00

	10.00
	0.05
	0.38

	10.00
	0.10
	1.98

	10.00
	0.50
	6.66

	10.00
	1.00
	6.70

	10.00
	4.00
	7.09

	10.00
	7.00
	7.42

	10.00
	11.00
	7.93


[B]
[A]



	Ib(uA)
	Vce(V)
	Ic(mA)

	15.00
	0.00
	0.00

	15.00
	0.05
	0.57

	15.00
	0.10
	2.52

	15.00
	0.50
	9.84

	15.00
	1.00
	9.95

	15.00
	4.00
	10.58

	15.00
	7.00
	11.09

	15.00
	11.00
	12.18


	Ib(uA)
	Vce(V)
	Ic(mA)

	20.00
	0.00
	0.00

	20.00
	0.25
	10.88

	20.00
	0.50
	12.88

	20.00
	0.75
	13.10

	20.00
	1.00
	13.18

	20.00
	4.00
	14.15

	20.00
	8.00
	15.98






[D]
[C]








[F]
[E]

	Ib(uA)
	Vce(V)
	Ic(mA)

	25.00
	0.00
	0.00

	25.00
	0.25
	12.53

	25.00
	0.50
	15.43

	25.00
	0.75
	16.07

	25.00
	1.00
	16.30

	25.00
	4.00
	17.84

	25.00
	7.00
	19.10


	Ib(uA)
	Vce(V)
	Ic(mA)

	30
	0.00
	0.00

	30
	0.25
	14.23

	30
	0.50
	17.91

	30
	0.75
	19.06

	30
	1.00
	19.47

	30
	4.00
	21.5

	30
	6.00
	23.0
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(From top to bottom [F],[E],[D],[C],[B],[A]) with  a simple plot of all of the results taken the general shape of the graph at each base current is shown which looks almost identical to what was expected. This graph however is missing the load line, this is constructed by taking a point at your supplied voltage (in this case 15 V except there is a diode for protection so is dropped down to 14.3V) at 0A and another point at that of you quiescent(operating) point and connecting them linearly and extrapolating until you hit the Y axis as shown below. When comparing to others results I can see the fact my transistor is giving much higher results and so I may be expected to have some calculations further away to the average values and so will bear this in mind throughout calculations.

After drawing the output characteristic with the load line we can see all results but for the amplifier designed we could do with a more accurate look at the range we are working at and also marking on the quiescent point.

Now with the graph centered on this quiescent point we can more easily see the range at which out amplifier should be working and would be easier to work out the gradient if it isn’t mathematically calculated by using the two points given.
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Next is the transfer characteristic, we can see that this has an exponential or parabolic curve around the quiescent point but neither a parabolic or exponential would pass through 0,0 an exponential would pass close but not touch whereas a parabolic would be way off the actual therefore I am going to use a exponential to define my graph as long as it fits close to the points, but it’s hard to see these points and the exponential would be impossible to plot with a 0 point and so I am going to ignore the 0 point and only apply the line of best fit to the part of the graph near the quiescent point.

With the 0 point removed we can now see much easier that the curve looks exponential and should be able to plot quite close to the actual

As shown the line of best fit works well with the points collected and is the value that I am going to use. This generated line of best fit can easily be differentiated at the operating point to give the gradient.

One again we have an almost identical graph shape as before and so the same process should be taken by initially removing the 0 point to look closer into the graphs points

Again without the 0 point the graph becomes much easier to see and we have again another exponential growth and so the line of best fit can now be plotted 

[bookmark: _GoBack]The line fits almost perfectly with all points and so I believe is quite accurate and therefore will be once again used to calculate the gradient at the quiescent current.
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[image: ]
Output characteristic graph:
This quiescent point is chosen by how the user wants the transistor to be able to be used in this case we are creating an audio amplifier and so a signal goes positive and negative in almost equal proportions and so we want our voltage to be able to swing equally up and down the same amount so 7.5V is used as the supply is 15V. Next is the choice of current, we don’t want the current to be so high that the sound distorts or the transistor pops nor do we want it so small it can’t drive the load and so a value of 5mA is used as this gives a moderate output without destroying the transistors characteristics. In other systems this point would be needed to be chosen to give a specific peak output or have a specific gain while trying to reduce noise. This line gives us the output voltage dependent on the input  . As of this the shallower the line the larger the gain is and the steeper the lower the gain. This can easily be seen by putting a sine wave into this and calculating at points the output gives .As the line is a negative gradient the higher the the lower the meaning a 180 degree phase shift is generated from input to output signal. This all happens as the load line stands for the voltage over the resistor to the collector as when is at its maximum the BJTs effective resistance is at its minimum meaning more voltage is over the resistor and when is at its minimum the effective resistance is at its highest so less voltage over the resistor. The best resistance for this collector resistor can be calculated through the wanted load line by inverting the gradient in this case inverse of  of  at any point is1.36kR.[7]
Transfer characteristic:
Using the equation made for transfer characteristic graph(  where x is in mV and y in mA) we can find the value for  at out quiescent current of 5mA which solves to give 650mV 
Input characteristic:
As seen in figure 7 there is a resistor in parallel with the base emitter so we know the voltage drop over this resistor is the same as , using the input characteristic equation (  where x is in mV and y in uA) we now know the value of at this voltage is 7.34uA.  
Resistors:
Looking at figure 7 we can tell that  with a current  we can calculate the resistance, using the rule of thumb .Knowing the value of  being 54.2 uA, being 650mV  and  7.5V. Using basic Ohm’s Law .
For R2 we are again assuming and we can also see that the current through it can be calculated by                                           We also know the voltage is equal to as it’s in parallel with it so equals 650mV. Using Ohms law 




Transconductance:
This transconductance () can be calculated by taking the gradient of the transfer characteristic at the operating point which can be found by taking the differential of the transfer characteristic equation at the quiescent base emitter voltage which comes out to be 0.195R^-1 which is exceptionally high for a transistor.
R base emitter:
can be calculated by the inverse gradient of the input characteristic[6] at the operating point which again has been calculated by differentiating the equation for the input characteristic at the quiescent voltage which gives a value of 3450R.
Current gain:
By the equation we get our value of beta (current gain) to be 672
Value Checking:
Transconductance:
This value is checked by using the equation which gives the value 0.193 which is very close to the value from the gradient which is 0.195, 
R base emitter and current gain:
This is checked by using the equation . Unfortunately this takes the value of beta which we calculated using making this useless. Instead the value of current gain is checked in the data sheet at small signal current gain there is a variance between 450 and 900 and out beta value is almost dead centre of this leading me to believe that this is an accurate value for both  and Current gain .
Gain:
To calculate the gain of a small signal (1Vpp) at the operating point the peak values are taken in this case 8V and 7V as the operating point is 7.5V, With these values of  the load line can be used to give the collector current at these voltages which are 4.63 mA and 5.37mA respectively. With the collector current using the transfer characteristic equation we can find the base emitter voltage, knowing these we have the change in base emitter voltage that gives a 1v collector emitter change and as gain is we have a value of 265 for the small signal gain.
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The resistors R1 and R2 that were put in the circuit (figure 7) were significantly lower than that calculated to have been needed for our specific transistor due to its high value of gain with the values needed being around 140% of what we used due to this results we gathered for the amplifier are out by a large amount as seen by the measurements taken when in DC operation:
	Vbe(mV)
	Ib(uA)
	Ic(mA)
	Vce(V)

	647
	11.24
	8.56
	7.4


 Whereas what would be expected for a Vce of 7.4 is:
	Vbe(mV)
	Ib(uA)
	Ic(mA)
	Vce(V)

	650
	7.19
	5.00
	7.4



An AC 10kHz, 0.0154V wave is then added as shown in figure 7 where in is stated. The voltages  when there is no load (out in figure 7) on the circuit were taken:
	(V)
	(V)
	Gain

	0.0154
	2
	129



Comparing the calculated gain when on dc (265) to that of the gain when supplied with an ac signal (129) we can see the fact the gain is almost perfectly half of what we expected which seems strange to me as when compared to the datasheet they quote that the gain goes up when in small signal region compared to dc, but they quote that they used 1kHz so this could be blamed on using such a high frequency signal or even on the extreme values of our transitor.
This time the same signal of 10kHz, 0.0154V  is applied to the in but this time there is a load over the amplifier (out in figure 7) this load is a pair of earphones with a resistance of 32R:
 
	(V)
	(V)
	Gain

	0.0171
	0.11
	6.4



We can now see the gain has drastically decreased by a factor of 20 due to this load applied, as this load from the transistors view is in parallel with the load resistor which is of much higher resistance due to this the load resistor is almost negligible meaning a new load line must be created, we know the resistance of the load resistor is the inverse of the load line therefore the load line for the headphones ignoring the load resistor is 1/32 which may not sound steep but compared to 1/1360 is an extremely steep line. As discussed the load line is the line that gives us the change in voltage over the collector emitter ( out) given a collector current, as of this incredibly steep line the change in voltage is miniscule explaining the tiny gain as shown below:
[image: ]
This also explains how this 180 degree phase shift is introduced as if you follow any point of the signal applied when it’s transformed by the load line the signal is reversed due to the negative gradient this occurs as the larger the voltage the higher the voltage drop over the resistor so less voltage is over the transistor giving a lower output but then the high turns into an equal low giving the transistor high output recreating the frequency input. 
Even when the transistor is working with a load on small signal there is still a gain over the circuit of 6 times and therefore our circuit is acting as an amplifier and therefore successfully doing the job we intended. When testing the amplifier with louder music (no longer small signal) the music becomes distorted, this is because the load line is an approximation that stands for either dc or small signals that aren’t too high frequency, this is due to the transistors recovery time, this is the time needed for a transistor to change states when a change is made, when the signals are too high frequency the transistor doesn’t have enough time to go to the state it should be at before the applied signal is changed giving a distortion on the output, when the volume is too loud the changes are so large the transistors output can no longer be classed as linear as they follow the transfer characteristics curve (exponential but assumed to be linear at low frequencys). 
The results that have been taken seem to follow very obvious trend lines with very little error and therefore I believe this was successful in gaining and understanding of gain in a transistor and why this all occurs. When comparing results to that of other people  online and in the labs similar results are made with the graphs going exactly as expected. The values this specific transistor has given are a little distance from the average due to the suspected extreme transitor values as the manufacturer states this is a transitor that varies wildly due to the difficulty in creating constant values of transistor due to doping not being constant throughout batches. 
[bookmark: _Toc475803124]
Conclusion

[bookmark: _Toc475803125]The objective of this lab was to create a working amplifier using a BJT and as the gain when on ac with a load is above 1 I believe this was a success, some of the terms and reasons are still unclear but this has certainly improved my knowledge on the operation and steps when using a BJT in any circuit especially an amplifier. Equations were also created that give very accurate answers for the specific transistor that was used which are  ,  for transfer and input characteristic respectively. There’s still a lot more to understand about the BJT to use this in a circuit freely but the characteristics have started to make sense. 
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Output Charateristic with Load Line 
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Output Charateristic with Load Line around the operating point 
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Transfer characteristic
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Transfer characteristic without 0 point 
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Transfer characteristic without 0 point and trendline 
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Input characteristic
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Input characteristic without 0
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Input characteristic without 0 and trendline
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Figure 4 - The second circuit constructed,
with 15v applied across the terminals
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Figure 5 - the third circuit made,
15v supply used again
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Figureé - Last circuit made, with 15 volts applied.
Signal applied with no load on the signal
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Figure 7 - esistor calculations
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Figure 3 - The first circuit contructed.
15v applied at the terminals




