0



Table of Contents



Introduction	2
Gantt Chart	3
Circuit Design	4
PARTS LIST	4
EQUIPMENT LIST	4
GENERAL	4
USE OF CHANNEL A AND B	5
NEGATIVE FEEDBACK LOOP	6
Proteus	7
14/11/2022 - ASSEMBLING THE CIRCUIT	7
14/11/2022 - SIMULATING THE CIRCUIT	8
14-16/11/2022 - RECORDING DATA AND CALCULATING GBP	10
Breadboard	13
16-17/11/2022 - CONSTRUCTING THE BREADBOARD	13
17-21/11/2022 - TESTING THE BREADBOARD	16
PCB	22
23/11/2022 - PCB DESIGN	22
24/11/2022 - PCB SOLDERING AND ASSEMBLY	34
24-25/11/2022 - PCB TESTING	38
Conclusion	40
References	41



[bookmark: _Toc120883503]Introduction



I was tasked with creating a non-inverting operational amplifier circuit based on the 741 Monolithic Integrated Circuit (MIC) chip. This circuit was designed to amplify an input signal by a voltage gain factor of 3.

The goal of the project is to measure and compare the Gain Bandwidth Product (GBP) of the circuit in ideal conditions in a Proteus simulation, constructed on a breadboard and then soldered onto a PCB. The PCB will be designed using the programme Easy-PC and printed using a third-party service. The GBP will be calculated by measuring the change in voltage gain with respect to frequency, repeating the test for each circuit format.

This logbook logs each step of the project and the data collected from each measurement series, ultimately comparing the change in GBP from simulation to breadboard to PCB.
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Figure 1 - Gantt chart showing the approximate distribution of time throughout the project
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· 1 x 741 IC chip
· 1 x 20kΩ resistor
· 3 x 10kΩ resistors
· 3 x 1µF capacitors
· 1 x PCB
· 1 x Breadboard
· Assortment of wires (breadboard)
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· Signal generator (200mVpp, 0.1-500kHz)
· Oscilloscope (0 - >300mV, 0.1-500kHz)
· Power source (9V)
· Soldering equipment
· Wire cutters and strippers
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The premise of the amplifier circuit is to amplify an incident voltage signal by a factor of 3. This is done through the use of the 741 op amp chip; an 8-pin monolithic integrated amplifier circuit. By connecting a series of resistors and capacitors, we can control the gain of this amplifier to create a useable circuit which amplifies input voltages by a certain factor.
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The design uses a signal generator to generate and input a voltage signal which oscillates as a sin wave and uses an oscilloscope to display the output. This way, the input can easily be varied in frequency using the GUI dials on Proteus and the output can be measured to record changes in gain based on the input frequency.

In order to produce a non-inverted output signal (where the output signal is in-phase with the input), the input voltage (Vin) must be connected to the positive (+) terminal on the amplifier.
[image: ]
Figure 2 - Proteus 741 op-amp circuit with signal generator and oscilloscope

The output of the signal generator (Vin) is initially split between the positive terminal of the IC741 amplifier chip and channel A of the oscilloscope. This way, the oscilloscope will display the original input signal in channel A and the amplified output signal in channel B simultaneously, allowing for direct comparison of the two signals and clearly displaying the effect of the amplifier circuit on the input signal.


Figure 3 - Direct comparison of channels A (input signal, yellow) and B (amplified output signal, blue)
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The reason for the return of a portion of the amplifier’s output signal back into the negative input terminal is to create negative a feedback system which enables closed-loop control of the gain of the amplifier.

The resistors R1 and R2 control the amplifier chip’s gain by forming a potential divider of the feedback signal. This controls the portion of signal that is returned to the negative input of the op-amp IC (with the rest of the signal sent to 0V ground). Controlling the amount of feedback regulates the gain of the wider amplifier circuit by adjusting the potential difference between the positive and negative terminals of the amplifier. Therefore, adjusting the ratio of R1:R2 will change the gain of the amplifier.

Using the formula for the gain of a non-inverting op-amp, (Gain = 1 + (Rf/Rin) with Rf and Rin being the resistors R1 and R2 in the circuit diagram respectively), we know that, for a voltage gain of 3, the ratio of R1:R2 needs to equal 2. In this instance, R1 is 20kΩs and R2 is 10kΩs and so, with an R1:R2 ratio of 2:1, the gain of this op-amp will be 3.
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To assemble the circuit in Proteus, the components must first be selected from the device library. This places the components in a list to the left hand side of the assembly screen for ease of access when assembling the circuit.

In this instance, the resistors and capacitors used are generic components, labelled ‘RES’ and ‘CAP’ respectfully, the amplifier chip is labelled ‘741’ and the signal generator and oscilloscope can be found under the ‘INSTRUMENTS’ tab to the left hand side of the screen.


Figure 4 - Proteus device library

Once the components have been selected, they can be placed in the aforementioned circuit configuration in the assembly window. Components can be connected by left clicking between the nodes of each component to draw the path of the connection. One thing of note is to pay close attention to the points where connections intersect and which of those intersections need to form nodes, versus those that need to pass over one another without connecting.

To place a 9V input, the connection can be brought out into free space and ended using the ‘end here’ option when right clicking. From here, a 9V source can be placed on the end of the connection from the tab on the left hand side. A 0V ground can also be placed using the same method.
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In order to test the amplifier design, I ran the simulation using Proteus’ simulation tools. This brings up two windows, one for the signal generator (to control the input) and one for the oscilloscope (to display and measure the output).

First, the signal generator must be configured to produce the desired input signal. If the generator has not defaulted to a sin wave, it can be selected using the waveform buttons on the right hand side. In this instance, I am using a fixed peak-to-peak (p-p/pp) voltage/amplitude of 200mVpp. The two red dials on the right hand side are used to control input amplitude. The left of the two controls the amplitude level (set to 2) and the right the scale of that level (in this instance, 0.1Vpp or 100mVpp), resulting in an input voltage of (2 x 100mVpp) 200mVpp.

Next, the first testing frequency can be set. This is done in a similar fashion to the voltage; of the blue dials, the left dial controls the centre frequency and the right dial the scale of that frequency. Both dials will need to be adjusted as the frequency is changed for each measurement.


Figure 5 - Signal generator

The oscilloscope must now be configured to correctly display the output of the circuit and enable voltage readings. The first adjustment that needs to be made is to the time base. This is done with the very bottom left dial – rotating it clockwise decreases the length of that time each square represents in the x axis, effectively ‘zooming in’ on the displayed signal.

The second adjustment is to the voltage per division, concerning the y axis. This changes how large of a voltage each square represents and is adjusted using the dial under each individual channel.

In order to record waveform data, cursors can be placed at the peak of the output signal to measure peak output power (where peak-to-peak power is simply double the peak value, a given for sine waves).


Figure 6 - Oscilloscope
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The Gain Bandwidth Product is the product of the linear gain of the amplifier (3) and the bandwidth (the range of frequencies it operates at up to the -3dB point). This value is a constant for an amplifer and describes the relationship between gain and bandwidth as either are changed. The GBP is also useful to compare the effective performance of different amplifiers. The method for calculating the GBP of the above circuit is as follows:

First, an arbitrary set of input frequency values must be chosen and tested against (with a constant 200mVpp input voltage) to find the maximum voltage output of the system. This was found to be 300mV which is expected for a gain of 3 and input of 100mV (peak) in an ideal simulation with no losses.


Figure 7 - Proteus measurement series 1

From this peak output value we need to find the -3dB point. This is the point at which the power output of the amplifier has decreased by half, otherwise known as the Half Power Point. This occurs when the voltage output decreases to roughly 0.707x its original peak value, derived from the square relationship between voltage and power (sqrt(1/2)power ≈ 0.707voltage). For 300mV this point is at 212.1mV.


Figure 8 – Example of -3dB half power point from Proteus data

This -3dB/Half Power Point is used to calculate the operational bandwidth of the amplifier. This is taken as the frequency at which the output voltage drops by 3dB. Plotting a graph of voltage gain in dB against the log10 of frequency makes this clear.

Once the -3dB point (212.1mV) has been found, the range of input frequencies at which the amplifier is tested with can be refined in order to find the specific frequency at which an output of 212.1mV is produced. This is done by taking the nearest output value to 212.1mV from the previous table of values, taking the corresponding frequency and testing a range of frequencies, with smaller deviations, around that centre frequency. This step can be repeated for an even narrower range of values until the bandwidth (frequency at which 212.1mV is achieved) is found.


Figure 9 – Proteus measurement series 2 and 3

In this instance, the frequency at which 212.1mV was achieved (212.5mV was determined to be within an acceptable range) was 320kHz.

Once the amplifier’s bandwidth (from peak to 3dBs of loss) had been determined, the GBP could be calculated by multiplying the peak linear gain value (3) with the bandwidth (320kHz) to produce a value of 960(kHz).

Referring to the manufacturer’s specifications, my GBP value of 960kHz from the Proteus simulation falls very close to the 1000kHz typical value of the real-world product.


Figure 10 – Manufacturer’s specifications for a UA741 operational amplifier [1]
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To construct the breadboard, I initially used Pebble, a programme used to create and communicate breadboard designs. I referenced a supplied design on Pebble to create my own breadboard circuit, enabling real-world testing of the Proteus circuit design.


Figure 11 - Breadboard circuit design on Pebble

To place components on the breadboard, the legs must be pushed into each hole to make sufficient contact with the metal strips within the breadboard that create electrical connections. For components like resistors, this means bending the extruding metal legs flat to allow the component to sit flush on the board, ensuring the two legs are the correct width apart and are snipped to the correct length.

It is beneficial to try and make the components sit as flush as possible on the board to reduce the chance of them snapping or breaking off. Reducing visual clutter also aids in solving faults and communicating the function of the circuit to others.


Figure 12 - 10kΩ resistor (with legs bent) and 741 IC chip on breadboard

Figure 13 - Breadboard with all components installed

Once all of the components have been placed, I began measuring and stripping wires to create the electrical connections between the rows and columns of the breadboard. As with the placing of components, the wires also need to make adequate electrical contact with the strips in the breadboard for the circuit to function. In order to allow this, a sufficient amount of insulation must be stripped from each end of the wire for the exposed wire to be bent into shape.

It is also important to use the shortest lengths of wire possible, both to reduce waste and to visually simplify the circuit on the breadboard. It is also beneficial to colour-coordinate the wires, again to simplify the circuit visually. For example, red representing positive connections, brown and black representing ground and orange representing signal input and output.

Figure 14 - Final breadboard assembly
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The process for determining GBP is identical to that used in the Proteus simulation. However, as these are real components, the circuit must be physically configured and connected to the appropriate test equipment to measure the performance of the amplifier. The configuration for testing the breadboard is as follows:

The waveform generator must be connected to the orange input wire on the left hand side of the breadboard. The generator is configured to produce a 200mV peak-to-peak sin wave and a frequency which is varied for testing, beginning at 100Hz. The grounding wire on the waveform generator output probe is attached to ground. The input of the signal generator is connected to the output of the amplifier via the orange wire on the right hand side. In this instance I used an additional grounding wire on the same row of the breadboard to provide more grounding points for the probes.


Figure 15 - Waveform generator configuration

The power supply is configured at a 9V output, the same as in the Proteus simulation. The positive terminal of the power supply is connected to the positive red wire on the breadboard and the black ground wire to its corresponding ground connection.

Finally, channel A of the oscilloscope is connected to the input wire of the breadboard in order to directly display the output signal of the signal generator as explained in the introduction. Channel B is connected to the orange output wire to display the output of the circuit. 


Figure 16 - Breadboard testing probe connections

All probes are set to 1x attenuation using a physical switch on the probes. This must also be reflected in the oscilloscope using the attenuation settings and selecting 1x. The ‘autoset’ function of the oscilloscope can be used to automatically configure the time base and voltage per division of the display, although these can also be manually adjusted. Readings can be taken by configuring the oscilloscope to display the peak voltage on each channel; ‘Vtop’.


Figure 17 - Oscilloscope configuration

Identical to the Proteus simulation, I recorded my results in a series of tables and plotted a graph of gain (dB) against log10(frequency).


Figure 18 - Breadboard measurement series 1 – Note a reading was not possible at 5000kHz due to the amount of noise introduced to the output signal

 
Figure 19 - Breadboard measurement series 2


Figure 20 - -3dB point from breadboard data

Using this data, I calculated the GBP to be 840kHz. Referring to the manufacturer’s specifications shown previously, this falls within the expected GBP range, albeit slightly lower than the manufacturer’s typical value of 1000kHz.
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To design the PCB I used Easy-PC. Initially, I created a diagram of the circuit in Easy-PC’s schematic format, following the same circuit design as created on Proteus. However, I also included 3 sets of pins for physical connections to the copper pour areas that were added to the PCB design.


Figure 21 - Easy-PC circuit schematic


Figure 22 - Pin set 1


Figure 23 - Pin set 2


Figure 24 - Pin set 3

It should be noted that pin sets 1 and 2 are symmetric and so can be rotated without changing the connections between pins and corresponding wires.

From here, the circuit schematic can be translated to a PCB by selecting Tools > Translate to PCB. This will open a new PCB design window. In this window is a list of components used in the schematic that need to be placed onto the PCB assembly. The goal is to arrange components in the most compact configuration possible without impeding on space allowed for copper connections or text on the silk layer. The software will give prompts if components are placed too close together.

Once components have been placed, a design rule check can be used to ensure the circuit arranged on the PCB assembly is the same to that of the schematic. The software will also prompt the connections between pins that need to be placed. The tools > nets > optimise nets function can be used to simplify these prompts into the minimum connections required by eliminating prompts of redundant connections.

From here the physical top copper layer connections can be drawn, using prompts from the software to ensure the connections are not routed too close to component pins. Once this is completed, a PCB boundary can be drawn around the components, again using prompts from the software to ensure it does not encroach on any components. Another design rule check can be used to verify this.

Finally, a silk layer can be created to add labels onto the surface of the PCB. These are useful to identify components for later assembly and to sign and name the board. The design rule check can be used to verify the placement of the silk layer text.


Figure 25 - PCB design with dimensions

From here, the bottom copper layer can be configured. This is a larger copper pour layer which provides a connection plane for the power (9V) and ground (0V) pins and components. 

It is useful to create the 9V copper pour as this will be surrounded by (but electrically isolated from) the 0V ground pour. This is done by first editing the layers of the PCB to create two dummy layers: +V and 0V.


Figure 26 - PCB layers

These dummy layers are used to create two separate nets which trace the pour area whilst preventing any unwanted interactions between the two nets. The +V layer can be drawn by right clicking on one of the positive pins and selecting highlight nets. This way, all of the positive pin connections are highlighted and the net can be drawn to connect all of these pins, whilst avoiding the ground pins.


Figure 27 - Positive pins highlighted

Then, the positive copper pour area can be traced around these pins. Once the net has been traced, the area can be poured.

Note below: the space used for the word ‘AMP’ is printed in the copper pour layer rather than the silk layer because it is less likely to wear off under repeated handling and abrasion.


Figure 28 - Positive copper pour

Once the positive pour has been completed, the 0V ground net can be drawn around the entire PCB to connect the remaining pins to the ground pour.


Figure 29 - Copper pour areas

From here the dummy layers can be removed, leaving the +V and 0V pours on the same layer, but electrically isolated from one another.


Figure 30 - Final layers

Once the copper pours are complete, the PCB design can be verified using a 3D view and a final design rule check and integrity check, this time selecting the majority of options available to be checked (as shown below).


Figure 31 - Design rule check


Figure 32 - Final design rule check options


Figure 33 - 3D view


Figure 34 - 3D view - underside

Once the PCB design is complete and verified by the design rule checks, the design can be exported as a set of Gerber files to be sent to a third-party company for printing of the PCB. In this instance, I uploaded the files to JLPCB to get a cost figure for printing and shipping.


Figure 35 - JLPCB cost for printing and shipping
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Note: due to my absence during the start of the project, I was unfortunately unable to order my PCB for printing in the required timeframe. Instead, I used someone else’s PCB design for soldering and testing.

To create the circuit on the PCB, the components must be soldered into place. The process for this is as follows:

First, the soldering station must be setup. This includes turning on the soldering iron to pre-heat, setting up the extractor fan to remove and filter vapours produced by the solder and setting up the solder and sponge.


Figure 36 - Soldering station

The legs of each component must be threaded to their corresponding pin holes on the PCB. It is advisable to thread one component at a time. The legs can then be snipped to length, ensuring enough of the metal connection is left for the solder to make adequate contact.

To solder the pin, the soldering iron must first be held at the area of interest briefly to heat up the metal. This improves the chances of the molten solder making good contact with the pin area. However, care must be taken not to hold the iron at the contact point for too long as this may damage components due to sustained excessive heating.

The solder can then be held up to the iron, gently making contact to melt a small amount of solder into the pin hole. The remaining solder can then be taken away from the soldering area. Removing the solder first ensures it does not solidify and freeze connected to the contact area. The iron can then be dragged upwards, away from the solder to leave the solder in place where it will cool and harden.
This process can be repeated for each component until all components have been soldered onto the board.


Figure 37 - Soldered PCB underside


Figure 38 - Final PCB
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The method for determining GBP and the connections between components and equipment (signal generator, power supply and oscilloscope) remain identical from the method used for breadboard testing. However, the way they connect to the components is slightly different as the PCB uses pins to connect the signal input/output, power and ground.

Due to the symmetric pin design for pin set 1 (4-pin) and pin set 2 (3-pin), the only trial and error necessary to determine pin configurations is with pin set 3 (2-pin). Once the correct configuration has been determined, values to determine GBP can be measured using the same method and connections as used for the breadboard.


Figure 39 - PCB measurement series 1


Figure 40 - PCB measurement series 2


Figure 41 - -3dB point from PCB data

Using this data, I calculated the GBP to be 690kHz. Referring to the manufacturer’s specifications shown previously, this falls slightly below the minimum given value for the 741 chip used (700kHz). This may be due to losses in other components, ultimately introducing a drop in voltage in the output signal, or losses introduced between the connections of components on the PCB.
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This logbook details the process of designing a circuit using ideal simulation software (Proteus), prototyping it onto a breadboard and ultimately testing it on a PCB.

[bookmark: _Toc120617988][bookmark: _GoBack]My project showed an incremental decrease in GBP when transitioning from Proteus to breadboard and breadboard to PCB, likely due to the introduction of noise and loss from other components in the circuit, something which is, to a certain extent, unavoidable when manufacturing printed circuits.


Figure 42 - GBP Comparison
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Electrical characteristics

UA741

Table 3. Electrical characteristics at Voc =#15 V, T, = 25 °C

(unless otherwise specified) (continued)

Symbol Parameter Min. Typ. Max. Unit
Gain bandwidth product
BP 0.7 1 MH:
LS Vi =10 mV, R =2k C_ = 100 pF, f =100 kHz 2
Total harmonic distortion
THD | f=1kHz,A,=20dB, R =2kQ Vo =2Vp, C=100pF, 0.06 %
Tamp = +257 C
e Equivalent input noise voltage 23
n f=1kHz, Rg=100 Q
@m Phase margin 50
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Measurement Series 1 - 200mV peak at (100Hz - 5MHz)
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Measurement Series 2 - 200mV peak at (250kHz - 300kHz)
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Measurement Series 1 - 200mV peak at (100Hz - 5MHz)
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Measurement Series 2 - 200mV peak at (200kHz - 250kHz)
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