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[bookmark: _Toc184384906]1. Introduction
The task assigned is to take an existing operation amplifier circuit design through the prototyping and manufacturing processes. This will include: simulated testing, bread board prototype building, and PCB design/population. Testing, diagnostics and characterisation will be required at each stage of this process.
[bookmark: _Toc184384907]1.1. Technical Context
The non-inverting amplifier we have been specified to manufacture, is that of standard design, using an LM741 op-amp integrated circuit (IC) chip. [bookmark: _Toc184384924]Fig. 1 - Operational Amplifier recommended application method. Adapted from [1].

This circuit has been specified to produce a voltage gain of 3, meaning that it will output a voltage level 3 times that of the input level under optimal functioning conditions. The gain of 3 is determined in this format (Non-inverting) using the equation  [1]. There are a number of values that could meet the criteria of 3 gain for R1 and R2, but 2 simple numbers that fit nicely are 20kΩ & 10KΩ respectively.
[bookmark: _Toc184384908]2. Circuit Digitisation
To begin circuit planning, familiarisation with the circuit design and simulator: Proteus, was required. My practise covered the basics of setting up our own schematics, component selection, and component placement/connection. 
[bookmark: _Toc184384909]2.1 – Circuit design and Simulation
Initial attempts were made to put together the op-amp circuit in the format shown in Fig. 2.
The circuit was built without major error due to the relative simplicity of the task. Upon final inspection before simulation, it was found that a few wire connections were not accurate to the diagram provided and were swiftly rectified.[bookmark: _Ref183505025][bookmark: _Ref183504892][bookmark: _Ref183504901][bookmark: _Toc184384925]Fig. 2 – Proteus application containing op-amp circuit.

The circuit was then simulated and produced an output as shown in Fig. 3. As is evident, the general structure and amplification level is almost correct but a major give away that something was wrong is indicated by the flattening of the negative peak of the signal.

It initially suspected that this was a fault could be attributed to a capacitance issue, but this was found to be incorrect after ensuring capacitance values and component placement were not at fault. The next train of thought was to attribute these symptoms to ‘clipping’, a phenomena that occurs in signal amplification when the amplifier is overdriven and its power supply is unable to produce the required output. In an attempt to rectify this, input signal voltage was reduced from 3.1v peak to peak (P2P), to 2v. This resulted in the now correct output on the right side of Fig. 3.
[bookmark: _Toc184384910]2.2 – Simulation Characterisation[bookmark: _Ref183505814][bookmark: _Toc184384926]Fig. 3 - Proteus simulated oscilloscopes of active amplifier. Left containing overdriven circuit, right containing correctly driven circuit.

	Simulated circuit output

	

	F
	Vpp In
	Vpp Out
	Gain (dB)

	1
	2
	3.54
	4.959465

	2
	2
	4.84
	7.676307

	5
	2
	5.72
	9.127321

	10
	2
	5.92
	9.425834

	20
	2
	5.98
	9.513424

	50
	2
	6
	9.542425

	100
	2
	6
	9.542425

	200
	2
	6
	9.542425

	500
	2
	5.98
	9.513424

	1000
	2
	5.98
	9.513424

	2000
	2
	6
	9.542425

	5000
	2
	6
	9.542425

	10000
	2
	6
	9.542425

	20000
	2
	5.98
	9.513424

	50000
	2
	5.74
	9.157638

	100000
	2
	3.22
	4.136518

	200000
	2
	1.612
	-1.8733

	500000
	2
	0.65
	-9.76233


[bookmark: _Ref183685234] The operational frequency of the circuit was to be evaluated at this point. This was done by calculating the gain at a logarithmic interval of frequencies using the equation: 
Voltage Gain (dB) = , recording the peak to peak voltage provided by the oscilloscope output as seen in the Fig. 3. A table of values was then generated in excel, Tab. 1. 
This data provides accurate insight into the bandwidth limit of the circuit, allowing for precise acquisition of the exact frequency point whereby the output drops by 3dB or 4.242v p2p in this case. The output data shows 4.242v will lay between 1-2 Hz at the lower level, and 50-100 KHz for the upper.
Investigating these frequencies, it was found that the lower level drops by 3dB at 1.4Hz, outputting 4.2v, and the upper level at 76 KHz, also outputting 4.2v. Using this, the circuit gain bandwidth product (GBP) can be calculated by subtracting the lower frequency limit from the upper frequency limit and multiply by 3. This leaves us with: 
[bookmark: _Toc184384927]Fig. 4 - Sheet containing data and graph depicting op-amp gain vs frequency

[bookmark: _Ref184382158]Tab. 1 - Simulated circuit input and output data set, as graphed in fig. 4
[bookmark: _Toc184384911][image: ]3. Bread board Testing
Having validated the circuit design by simulation, prototyping can begin so as to further validate the physical feasibility of the design. Bread board prototyping is an appropriate technique for this design. This technique is used to construct an electronic representation of the circuit, without the need for permanent fixtures. This method is effective due to its speed, flexibility, and simplicity, appropriate to this design due to the low number of total components.[bookmark: _Ref183505839][bookmark: _Toc184384928]Fig. 5 - Image of standard bread board [3]

[bookmark: _Toc184384912]3.1 – Prototype planning
[image: ]Although bread boarding is a very flexible method, part of the drawback to this flexibility is that it requires unique planning due to the connection method of the conductive tracks. To combat this a spreadsheet was employed (Fig. 6) to digitise the bread board format. The benefit of this being it allows for easy modification and manipulation without permanent commitment.[bookmark: _Ref183505869][bookmark: _Ref183689070][bookmark: _Toc184384929]Fig. 6 - Spreadsheet bread board plan



[bookmark: _Toc184384913][image: ]3.2 – Bread board assembly
Bread board assembly in this case consists of sticking to the plan, and ensuring components are placed correctly.
Close consideration was taken to ensure polarised components, such as capacitors, were assembled in the correct polarity. Capacitor polarity is identifiable by the strip running down the cathode side, Fig. 7.[bookmark: _Ref183505895][bookmark: _Toc184384930]Fig. 7 - Labelled diagram of electrolytic capacitor [4]


Similarly, close attention was paid to the LM741 IC orientation, this was identified by the engraved circle marking where pin 1 would be, Fig. 8. From there, the rest of the pins are numerically ordered, counting counter-clockwise. 
Component preparation was completed to ease the assembly process. In the case of resistors, the legs were bent to a close to 90 degree angle to improve fit. Pliers were employed for precision placement in component congested areas.[bookmark: _Ref183505917][bookmark: _Toc184384931]Fig. 8 - Image of LM741 IC, pin 1 identifier circled in red. [5]

In order to prepare bridging wires, correct wire stripping tools and techniques were applied to allow a clean cut, appropriately exposed conductor. Over stripping a wire can cause the conductor to peek beyond the insulated plastic surface, causing possible safety risk at higher voltages and risking circuit performance. 
[bookmark: _Toc184384914]3.4 – Bread board function test
[image: ]With the bread board prototype now being complete (Fig. 9) it must be function tested to ensure it has been correctly assembled, and can represent a successful prototype. For this we will need a number test equipment pieces:[bookmark: _Ref183505971][bookmark: _Toc184384932]Fig. 9 - Populated bread board prototype

· Oscilloscope
Used view and measure analogue signals, the tool we will use to measure the output signal voltage, and calculate the gain of the amplified signal.
· Signal generator
Used to generate a generic input sine wave, the one this circuit design will amplify.
· Digital Power supply unit
Used to generate the supply needed to power the amplifier. The design requires +12v that provides the amplifier the energy required to boost our input signal.
· Associated test leads
The listed equipment requires appropriate cables to be able to connect to the input/output of the circuit. These will be terminated on one end with a crocodile clip, to allow for interfacing with the bread board open wires. 
The configuration of this equipment, Fig. 10, is identical to that which is described in the Proteus simulation in Fig. 2. My wire colour scheme follows my bread board plan in Fig. 6.
[image: ]
[bookmark: _Toc184384933]Fig. 10 - Physical test setup for bread board prototype
The circuit functioned as expected, closely following initial simulation. The output measurement, Fig. 11, shows our input P2P voltage (in yellow) to be 2.04V, and the output (in red) 6.16V P2P at a frequency within our optimal operation area [1] at 500Hz. These values result in a calculated gain of 9.60dB or 3.02, well within tolerance of the simulated 9.54dB.
[image: ]
[bookmark: _Ref183506670][bookmark: _Toc184384934]Fig. 11- Oscilloscope measurement for bread board amplifier testing
[bookmark: _Toc184384915]3.5 – Bread board circuit evaluation
The prototype was then characterised using the same method as before. Cycling through the input frequency and measuring the output will provide an appropriate indication of circuit operating frequency. Amending the characterised spreadsheet with this data, we generate the graph below, Fig. 12.
As completed with the Proteus simulation, for purposes of specification, it is appropriate to calculate the operating frequency of the circuit. The lower frequency limit was shown to be between 1-2 Hz, and the upper between 50-100 KHz. Upon tuning in closer, the lower value came to 1.3Hz, and the upper value was 52.75 KHz, both outputting 4.32v.
Using these values:

[image: ]
[bookmark: _Ref183604410][bookmark: _Toc184384935]Fig. 12 - Graph representing simulated vs Prototyped gain of the Op-amp circuit
	Simulated circuit output
	
	Prototype circuit output

	
	
	

	F
	Vpp In
	Vpp Out
	Gain (dB)
	
	F
	Vpp In
	Vpp Out
	Gain (dB)

	1
	2
	3.54
	4.959465
	
	1
	2.04
	3.76
	5.311154

	2
	2
	4.84
	7.676307
	
	2
	2.04
	5.04
	7.856007

	5
	2
	5.72
	9.127321
	
	5
	2.04
	5.92
	9.253831

	10
	2
	5.92
	9.425834
	
	10
	2.04
	6.16
	9.599011

	20
	2
	5.98
	9.513424
	
	20
	2.04
	6.08
	9.485468

	50
	2
	6
	9.542425
	
	50
	2.04
	6.16
	9.599011

	100
	2
	6
	9.542425
	
	100
	2.04
	6.16
	9.599011

	200
	2
	6
	9.542425
	
	200
	2.04
	6.16
	9.599011

	500
	2
	5.98
	9.513424
	
	500
	2.04
	6.16
	9.599011

	1000
	2
	5.98
	9.513424
	
	1000
	2.04
	6.16
	9.599011

	2000
	2
	6
	9.542425
	
	2000
	2.04
	6.16
	9.599011

	5000
	2
	6
	9.542425
	
	5000
	2.04
	6.16
	9.599011

	10000
	2
	6
	9.542425
	
	10000
	2.04
	6
	9.370422

	20000
	2
	5.98
	9.513424
	
	20000
	2.04
	6.16
	9.599011

	50000
	2
	5.74
	9.157638
	
	50000
	2.04
	4.56
	6.986694

	100000
	2
	3.22
	4.136518
	
	100000
	2.04
	2.32
	1.117156

	200000
	2
	1.612
	-1.8733
	
	200000
	2.04
	1.12
	-5.20824

	500000
	2
	0.65
	-9.76233
	
	500000
	2.04
	1.12
	-5.20824


Tab. 2 - Simulated and bread board prototype input and output data set, as graphed in Fig. 12


[bookmark: _Toc184384916]4. PCB Design
[bookmark: _Toc184384917]4.1 – Easy-PCB Circuit design
Once prototyping was complete, the design was replicated on Easy-PCB in order to begin creating the required design schematics for it to be produced externally. This process required replication of the design as produced previously on Proteus, so Easy-PCB may effectively assist in the routing and placement of components of the PCB.
The addition of pin-headers are required to allow for secure connection to the external input/output devices. Duplicate pins have been put in place in order to ensure the correct connector is plugged in during testing, this also means each way a Molex is plugged in will be correct.[bookmark: _Toc184384936]Fig. 13 - Easy-PCB Circuit design layout

 
[bookmark: _Toc184384918]4.2 – PCB Routing
The components and copper tracks needed to be routed and layers designated correctly, including a ground plane. A ground plane allowed for better grounding and simpler routing.
The initial attempt yielded inefficient component placement greatly increasing complexity. Now understanding track widths and other routing rules however, a more informed second attempt was made. On this attempt, the PCB seemed functional, and Easy-PCB’s design rule check came back without error. Further optimisation was conducted to improve track lengths and component spacing.
[bookmark: _Ref183604372][bookmark: _Toc184384937]Fig. 14 - Easy-PCB PCB design layout

To finalise, the silk-screen layer (yellow text as seen in Fig. 14) was modified so as to provide insight to capacitor polarisation and component identity. Once complete, the project files from Easy-PCB were exported as Gerber files, a standardised file format for various Computer Numerical Control (CNC) machines so they could be sent off to the external manufacturer for production.
[bookmark: _Toc184384919]4.3 – PCB Population
[image: ]The PCB manufacturer after a number of weeks shipped the design as seen in Fig. 15. A brief visual inspection provides ample confidence that this is indeed the design I sent through, and that there aren’t any anomalies.
To populate this board, the same components used for the bread board prototyping will be permanently mounted into the PCB print. This nearly eliminates the consideration for a change in component value due to tolerance between measurements, should the components remain undamaged. [bookmark: _Ref184365749][bookmark: _Toc184384938]Fig. 15 - Unpopulated PCB print

Standard through-hole soldering was used to populate the circuit board with the aforementioned components. This required a hot soldering iron, solder, extractor fan and corrective tools such as a solder sucker and solder wick, just in case removal of excess or misplaced solder was required. Helping Hands were employed to secure the PCB in place, as well as providing magnification where required. I picked out a small soldering iron which provided a precise but sufficient surface area of heat to allow for controlled application of heat in the required places.
The shortest components were secured to the board first, as this allowed the board to sit nicely upside down for the majority of assembly. The actual population technique involved pushing the component through, securing the component usually by bending the legs outward slightly, ensuring the component is nicely flush to the board. Sticking to the diagram ensured all of the components went in the correct place.
A dab of solder would then be applied to the iron, which would be then pressed against the solder pad for a second or two to apply heat to the area. The solder rod would then be brought to the other side of the component leg, where it would melt, fitting to pad nicely, flowing around then entirety of the pad. I would cut the legs to about half length, to provide a larger gripping surface, should they need to be removed. These were then removed after successful testing.[bookmark: _Toc184384939]Fig. 16 - Populated PCB: Bottom
[bookmark: _Toc184384940]Fig. 17 – Populated PCB: Top

[image: ][bookmark: _Ref184373077][bookmark: _Ref184373072][bookmark: _Toc184384941]Fig. 18 - PCB with Molex connectors

[bookmark: _Toc184384920]4.4 – PCB function test
The function test was nigh identical to that of the bread board testing bar the Molex connectors that were used in replacement of flying leads. See Fig. 18 & Fig. 19.
Consideration was made for the component legs as they were still half length. A quick check to ensure there were no short-circuits between legs to compromise the circuit was made before testing.
[image: ][image: ]The PCB was wired up as per the input/output requirement and a 1v, 1 KHz sine wave was passed into the input. Switching on the 12v DC power supply (see right side of Fig. 19, red LED “12.00”). Provided the red output as seen in Fig. 20. This output is correct as the wave is smooth, and the gain is: .[bookmark: _Ref184373232][bookmark: _Toc184384942]Fig. 19 – PCB oscilloscope output
[bookmark: _Ref184374125][bookmark: _Toc184384943]Fig. 20 – Connected bench test setup


	PCB circuit output

	

	F
	Vpp In
	Vpp Out
	Gain (dB)

	1
	2.04
	2.52
	1.835407

	2
	2.04
	4.4
	6.67645

	5
	2.04
	5.8
	9.075957

	10
	2.04
	6.12
	9.542425

	20
	2.04
	6.2
	9.65523

	50
	2.04
	6.2
	9.65523

	100
	2.04
	6.2
	9.65523

	200
	2.04
	6.2
	9.65523

	500
	2.04
	6.2
	9.65523

	1000
	2.04
	6.2
	9.65523

	2000
	2.04
	6.2
	9.65523

	5000
	2.04
	6.2
	9.65523

	10000
	2.04
	6.2
	9.65523

	20000
	2.04
	6.2
	9.65523

	50000
	2.04
	4.6
	7.062553

	100000
	2.04
	2.36
	1.265637

	200000
	2.04
	1.16
	-4.90344

	500000
	2.04
	0.52
	-11.8725


[bookmark: _Toc184384921]4.5 – PCB Characterisation
The system then once again required characterising by running through the frequencies and measuring the output. This data (see Tab. 3) was amended to the spreadsheet data (Fig. 21) and compared with the data obtained from the simulation, and prototype.[bookmark: _Ref184382420][bookmark: _Toc184384944]Fig. 21 - Final characterisation graph

[bookmark: _Ref184382278]Tab. 3 - PCB characterisation data

There are subtle differences between all of the design instances, though none particularly anomalous or an indicator of malfunction. The data gathered from the PCB will be used in the final specification for the design if it were to be sold or handed over to a business partner. This includes the GBP, which once again requires the upper and lower optimal thresholds laying between 1 – 2 Hz, and 50 – 100 KHz. Upon closer inspection and measurement, it was found that the lower point was 1.9Hz and the upper 53KHz giving us:
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