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[bookmark: _Toc97886890]LM741 Proteus:
Figure 0 – Proteus PCB Schematic
[image: ]
Pictured in Figure 0 is a schematic of an amplifier circuit, drawn on Proteus 8 Professional. The amplifier has a single supply; it is based around the LM741 Operational Amplifier (OPAMP) and is a non-inverting amplifier design, with gain being controlled by a potential divider resistor network. 
The gain of the circuit shown in figure 0 is determined by the equation 
1 + R3/R4 (1+ (20K/10K)).
Figure 1 shows the schematic circuit shown in Figure 0 in Proteus ‘simulation mode’, accessed by the play button in the bottom left corner of the Proteus application. The signal generator shown in Figure 1 was set to a 1 KHz centre frequency and 200mV amplitude (Pk-Pk) sine wave. The cursors shown in Figure 1 are to demonstrate that at 1 KHz, the gain of the amplifier is 3, with 600mV Pk-Pk at the output.
Figure 2 shows an excel table I have created, containing the calculated gain of the amplifier circuit over the range of tested frequencies.  The graph in Figure 3 shows the Gain; the graph in Figure 5 shows Gain Bandwidth Product (GBWP/GBP) over the desired frequency range of 100Hz to 5MHz. The gain of the amplifier circuit decreases from around 50KHz, peaking at 3 and decreasing to a gain of 0.55 by 5MHz. 





Figure 1 – Proteus PCB Simulation View
[image: ]
Figure 2 – LM741 Proteus Excel Table
	Freq
	I/P (mV)
	O/P (mV)
	RMS
	Gain
	GBWP

	100Hz
	100
	300
	212.10
	3
	300

	200Hz
	100
	300
	212.10
	3
	600

	500Hz
	100
	300
	212.10
	3
	1500

	1KHz
	100
	300
	212.10
	3
	3000

	2KHz
	100
	300
	212.10
	3
	6000

	5KHz
	100
	300
	212.10
	3
	15000

	10KHz
	100
	300
	212.10
	3
	30000

	20KHz
	100
	300
	212.10
	3
	60000

	50KHz
	100
	297.5
	210.33
	2.975
	148750

	100KHz
	100
	290
	205.03
	2.9
	290000

	200KHz
	100
	245
	173.22
	2.45
	490000

	500KHz
	100
	115
	81.31
	1.15
	575000

	1MHz
	100
	55
	38.89
	0.55
	550000

	2MHz
	100
	22.5
	15.91
	0.225
	450000

	5MHz
	100
	5
	3.54
	0.05
	250000


Figure 3 – LM741 Log Proteus Gain






Figure 3 – LM741 Proteus Gain
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Figure 4 – LM741 GBWP
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Figure 5 - TL071 Proteus Excel Table
	Freq
	I/P (mV)
	O/P (mV)
	RMS
	Gain
	GBWP

	100Hz
	100
	295
	200.57
	2.96
	295

	200Hz
	100
	300
	212.10
	3.00
	600

	500Hz
	100
	300
	212.10
	3.00
	1500

	1KHz
	100
	300
	212.10
	3.00
	3000

	2KHz
	100
	300
	212.10
	3.00
	6000

	5KHz
	100
	300
	212.10
	3.00
	15000

	10KHz
	100
	300
	212.10
	3.00
	30000

	20KHz
	100
	300
	212.10
	3.00
	60000

	50KHz
	100
	300
	212.10
	3.00
	150000

	100KHz
	100
	300
	212.10
	3.00
	300000

	200KHz
	100
	292.5
	206.80
	2.93
	585000

	500KHz
	100
	270
	190.89
	2.70
	1350000

	1MHz
	100
	210
	148.47
	2.10
	2100000


Figure 5.1 – TL071 Proteus Gain

Figure 5.2 – TL071 Proteus GBWP
[image: ]
Figure 5.3 – TL071 Proteus Gain
[image: ]
Following the testing of the LM741 amplifier on proteus, the same tests were then repeated on Proteus using an amplifier circuit based around the TL071 amplifier, this time using a 200mV peak-to-peak input sinewave. The measured values being copied into an excel table and gain and GBWP graphs being produced. The TL071 had a better response than the LM741 on Proteus, the bandwidth being better over the frequency range tested.
[bookmark: _Toc97886892]Breadboard:
Figure 6 – Amplifier Circuit on Breadboard
[image: A picture containing electronics, circuit
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To view the differences between a simulated circuit and a physical circuit, the amplifier circuit was built on breadboard; the same test, as had been performed on the simulated circuit, was carried out on the amplifier using a Pico scope (for measurement of the outputted waveform) and a signal generator to generate the input waveform. 
In order to do this, the circuit had to be replicated onto the breadboard. The diagram shown in figure 22 (Pg.13) was used as a reference for this. Firstly, the most complex component of the circuit was placed onto the breadboard, the 8 pin DIL package LM741. The LM741 was placed in the middle of the PCB, to electrically isolate pins 1-4 from 4-8. The passive components (capacitors, resistors) were then placed, care being taken to ensure that the component legs of each component were not on the same row (i.e., a capacitor legs both being on row 2). Finally, the wire shown in Figure 6 was then cut from different reels, the ends stripped (using wire strippers), and then placed into the breadboard as appropriate. Six longer wires were then cut; two were for the 12V supply and ground, two for the small signal input and ground, and two for the signal output and ground. The breadboard was now complete, Figure 6, and could now undergo a functional test.
To do this, the amplifier would be supplied with a 100mV Pk sinewave, generated by the software-controlled function generator in the Pico scope. Before doing this, I configured the Pico scope in software to provide a 100mV peak waveform at 100Hz as the small-signal input. I used two oscilloscope probes in 1X mode, one connected to the function generator of the Pico scope and the other connected the Channel A. I then set the volts-per-division to 50mV and the time-per-division to 10ms as a reference (adjusting as the frequency increased). Additionally, a 12V supply was generated by a DC bench PSU and connected to the correct polarity using banana/crocodile leads.
Finally, the small-signal input frequency was then scaled over a range starting at 100Hz and ending at 1MHz, following the 1-2-5-10 rule for gathering data. The output waveform was then captured and put into a table, shown in Figure 7. The gain over the input frequency range and GBWP were then put into a graph, shown in Figures 7.1, 8, and 9 respectively.
Figure 7 – Breadboard Excel Table
	Freq
	I/P (mV)
	O/P (mV)
	RMS
	Gain
	GBWP

	100Hz
	100
	284
	200.79
	2.84
	284

	200Hz
	100
	288
	203.62
	2.88
	576

	500Hz
	100
	288
	203.62
	2.88
	1440

	1KHz
	100
	288
	203.62
	2.88
	2880

	2KHz
	100
	288
	203.62
	2.88
	5760

	5KHz
	100
	292
	206.44
	2.92
	14600

	10KHz
	100
	292
	206.44
	2.92
	29200

	20KHz
	100
	292
	206.44
	2.92
	58400

	50KHz
	100
	292
	206.44
	2.92
	146000

	100KHz
	100
	272
	192.30
	2.72
	272000

	200KHz
	100
	240
	169.68
	2.4
	480000

	500KHz
	100
	128
	90.50
	1.28
	640000

	1MHz
	100
	64
	45.25
	0.64
	640000


Figure 7.1 – LM741 Breadboard Logarithmic Gain

Figure 8 – LM741 Breadboard Gain
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Figure 9 – LM741 Breadboard GBWP
[image: Chart, line chart
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[bookmark: _Toc97886893]PCB & Schematic Design:
Figure 11 – Completed PCB in 3D view
[image: A screenshot of a computer

Description automatically generated with medium confidence]Shown in Figure 11, the next stage of this task was to design a PCB for the amplifier circuit using the Easy-PC PCB design software package, a form of CAD (Computer Aided Design). 
The final PCB design would then be manufactured externally in order to build the amplifier circuit on the PCB, represented by the 3D view in Figure 11.
To begin, Easy-PC was configured as appropriate, and the libraries were setup by highlighting the folder in the public documents. The first step was the creation of the circuit schematic.
Figure 12 – Easy-PC PCB schematic
[image: ]Shown in Figure 12 is my Easy-PC schematic, created prior the PCB shown in Figure 11. The schematic was produced prior to the PCB design and was produced relatively quickly, only requiring the OPAMP and few passive components from the parts library. These were placed as shown in Figure 12, then connected using the wire tool along with terminals being added. Finally, the text boxes were then added to label each of the input/output terminals on the schematic.

Once the circuit schematic was complete, the PCB schematic could be completed. This was done using various tools/functions, including: the text tool to label outputs, the shape tool to outline the edge of the PCB, the component placement tool, adding vias, the wire tool to connect components following the circuit schematic, and finally the 'wire net' tool was used to label the ground plane, +V, and the various inputs and outputs on the PCB. 
The copper pour area function was used to create an area on the bottom copper layer, which would be used to tie all 12V (+Vcc) areas together; the copper fill function was then using to fill both the power (12V) and ground planes.





Figure 13 – DRC Check
[image: A screenshot of a computer

Description automatically generated with medium confidence]Shown in Figures 13 and 14, the ‘DRC’ (Design Rule Check) function was used to check for errors in the PCB design. This was selected from the ‘tools’ drop-down menu. The following options were then selected: nets, spacing, component height, component names, copper shape verification and copper text outside of board – to verify that no mistakes had been made during the design process. 
Figure 14 – DRC Verification
[image: A screenshot of a computer

Description automatically generated with medium confidence]There were no errors found during the DRC, verified by Figure 14.


Figure 15 – Export of PCB Design
[image: Graphical user interface, application

Description automatically generated]Finally, shown in Figures 15 and 16, the PCB was saved and exported as a Gerber File, found under the ‘output & plots’ menu. The Gerber’s and related were then saved to a ZIP folder and sent to a 3rd Party PCB manufacturer. 


Figure 16 – Export of PCB Design Cont.
[image: Graphical user interface, application
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[bookmark: _Toc97886894]PCB Assembly and Testing
[image: ]Figure 17 – PCB Assembly
[image: ]Figure 17.2 PCB Testing (Sig Gen & Oscilloscope)

[image: A person working on a computer

Description automatically generated with medium confidence]Figure 17.1 – PCB Assembly




Figure 18 – LM741 PCB Excel Table
	Freq
	I/P (mV)
	O/P (mV)
	RMS
	Gain
	GBWP

	100Hz
	100
	284
	200.79
	2.84
	284

	200Hz
	100
	288
	203.62
	2.88
	576

	500Hz
	100
	288
	203.62
	2.88
	1440

	1KHz
	100
	284
	200.79
	2.84
	2880

	2KHz
	100
	284
	200.79
	2.84
	5760

	5KHz
	100
	292
	206.44
	2.92
	14600

	10KHz
	100
	292
	206.44
	2.92
	29200

	20KHz
	100
	292
	206.44
	2.92
	58400

	50KHz
	100
	292
	206.44
	2.92
	146000

	100KHz
	100
	280
	197.96
	2.80
	280000

	200KHz
	100
	240
	169.68
	2.40
	480000

	500KHz
	100
	124
	87.67
	1.24
	620000

	1MHz
	100
	48
	33.94
	0.48
	480000

	2MHz
	100
	24
	16.97
	0.24
	480000


Figure 19 – LM741 PCB Logarithmic Gain




Figure 20 – LM741 PCB Gain
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Figure 21 – LM741 PCB GBWP
[image: Chart, line chart
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As in Figures 17.x, once the PCB arrived post-manufacture, it could then be populated with the circuit components and tested. The components used were the exact ones used earlier on the breadboard, thus meaning there should be a lesser degree of variance between the two under test – as the component operating characteristics and tolerances are the same (not considering minor ambient temperature changes). 
The components were then soldered into place (Figure 17.1), only once the soldering station was setup and there was sufficient fume extraction - via a fan. Masking tape was used to hold the components tight against the board and the OPAMP (LM741) was oriented correctly (using the IC marking with notch on the PCB silk-screen), along with the polarised capacitors. Following this, coloured wires were then stripped and soldered to the PCB I/O pins: black for ground, red for +V, purple for small-signal input and yellow for signal output. All connections were then visually inspected to ensure that there were no dry or poor solder joints between components and the PCB pads.
Testing was then carried out. The board was connected to a bench PSU via the red +V and black GND wires, the input (purple) was connected to a signal generator at 100mV amplitude, and the output (yellow) connected to an oscilloscope via a grounded probe, which was set to 50mV per division. The frequency was initially set to 100Hz and then was raised following the 1-2-5-10 rule as discussed earlier. Measurements of the output Pk-Pk waveform were taken at each input frequency (starting at 100Hz) to work out the gain at each input frequency, this data was then put into an Excel spreadsheet and used to create charts for gain and GBWP.
[bookmark: _Toc97886895]Comparisons:

Perhaps unsurprisingly, the amplifier circuit tested in Proteus had the greatest gain. The breadboard and PCB had a lower overall gain, with very similar results overall (excluding the TL071-based circuit). The breadboard and PCB were likely so similar due to the tolerances of the components being identical (as they were the same components re-used). The Proteus circuit was unaffected by stray resistances and capacitances in the circuit board material, components, and wiring - likely why the gain was slightly higher (3 / 9.54dB vs 2.92 / 9.31dB).
The bandwidth of the tested circuits was similar, the gain beginning to drop at around 100KHz, the exception being the TL071 simulated circuit – the gain only slowly beginning to decrease at around 200KHz, demonstrated by comparing Figures 3 and 5.3. Moreso, figures 24.x also show the gain in dB and the -3dB gain value.
[bookmark: _Toc97886896]Additional Imagery:
Figure 22 – Breadboard Example
[image: ]Figure 23 – PCB before wire soldering
[image: A picture containing indoor
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[bookmark: _Toc97886897]Gain Calculations
Figure 24 – Proteus LM741 Circuit
20*Log(300mV/100mV) = 9.54dB	-3dB point = 6.54Db
0.707*300mV = 212.1mV
GBWP = Gain*Bandwidth
Figure 24.1 – Breadboard LM741 Circuit
20*Log(292mV/100mV) = 9.31dB	-3dB = 6.31dB
0.707*292mV = 206.4mV
Figure 24.2 – PCB LM741 Circuit
20*Log(292/100mV) = 9.31dB		-3dB = 6.31dB
0.707*292mV = 206.4mV
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