
[bookmark: _GoBack]Objectives: 
Students will learn how to make measurements using a function generator and oscilloscope. The basic features of both instruments are examined. Also, methods for improving displayed waveform quality are explored.

Introduction:
The typical equipment you find in an electronics laboratory are a DC power supply, a multimeter, a function generator, and an oscilloscope. In this exercise, you will use some of the most popular features of the function generator and oscilloscope to make measurements. You will build a voltage divider with a low voltage output and use features of the oscilloscope to improve the displayed waveform.

Equipment:
Agilent (Keysight) 33220A Function/Arbitrary Waveform Generator
Agilent (Keysight) DSO 5014A Oscilloscope
Cables and oscilloscope probes as needed
Solderless breadboard and required components – see instructions
Components: 
Resistors (Qty):  1 k (1), 1 M (1)
Procedure:
Function Generator
You will start with the function generator. The Agilent 33220A Function/Arbitrary Waveform Generator (abbreviated FG or AWG) produces the usual function generator waveforms (sine, square, triangle, etc.) plus arbitrary waveform shapes downloaded into its memory. The most important AWG specifications are given in the appendix, Table 1.
1.	Set up the AWG for a 1 kHz, 1 Vpeak-peak sine wave as follows.
a.	First you need to change the generator’s configuration so that the output amplitude value you see on the display will be more accurate for the typical load impedances you connect it to.
By default, the function generator expects to be connected to a 50 Ω load. Since it also has a 50 Ω output impedance, this forms a voltage divider at the output connector with a ratio of ½. The equivalent circuit is in Fig. 1. The generator takes this assumption into account, so if you set the output to 1 Vp-p, the AWG sets Vgen to 2 Vp-p so that Vout = 1 Vpp.
When you connect a high load impedance like 10 kΩ, the divider ratio is actually 10,000/10,050 = 0.995 and Vout = 1.99 Vp-p. But, the display will still read 1 Vp-p because of the 50 Ω load assumption. 
The solution is to change the generator’s assumed load impedance to open circuit by putting it in High-Z mode.
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On the AWG’s front panel push Utility > Output Setup. You will see the display in Fig. 2 with the default 50 Ω assumed load specified. Then push the grey button under the highlighted Load indicator and it will switch to High-Z. Then press the blue button under Done. 
[image: ]

Fig. 2. AWG output setup display.

[image: ]
Fig. 1. AWG output equivalent circuit

b.	Push the Sine button and you will see a display like in Fig. 3. The Freq setting is active so you can just type in numbers on the keypad or use the large dial to change the frequency. The buttons under the dial will move the cursor position on the display. The default output frequency is 1 kHz, which is what you want, so don’t change it.
[image: ]

Fig. 3. AWG sine wave display.

Note:	It’s best to use Freq, Ampl, and Offset settings and not Period, HiLevel and LoLevel settings.
c.	Push the blue button under Ampl and type in 1 with the keypad; then push the button under Vp-p. See Fig. 4. Now press the Output button and this will enable the signal at the output connector.  
Note:	At power-up the generator output is disabled and it is easy to forget to enable it. But it is a convenient feature because you can disable the output when you need to without disconnecting the cable or turning off the generator.
[image: ]

Fig. 4. Entering the amplitude level.

Oscilloscope:
The oscilloscope displays voltage waveforms as a function of time. In this course the waveforms you will display are either periodic or DC levels. To display waveforms, the oscilloscope needs to trigger on one of them. With edge triggering, you tell it what voltage level on the waveform to use for the trigger threshold. When the signal reaches that level, the oscilloscope draws a trace. When done, it waits a short time and looks for another triggering event and draws the next trace. The traces overlap each other exactly. Traces are updated many times per second. 
You need to adjust the oscilloscope settings to optimize the display. The three main tasks are to (1) select the waveform’s peak-peak amplitude, (2) select the time-per division so it displays the number of periods you want, and (3) select the trigger parameters needed to stabilize the waveform.
Once you optimize the display, you can have the oscilloscope make waveform measurements for you. Waveform data and the display image can be saved to USB drives or uploaded to a computer application. Table 2 in the Appendix has some of the key specifications of the Agilent DSO5014A oscilloscope used in the lab.
The oscilloscope front panel is shown in Fig 5 with the main adjustment controls indicated. The most important settings are shown along the top of the display as in Fig. 6. 
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Fig. 5. Oscilloscope front panel.
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Fig. 6. Display with settings indicated.

2.	You will set up the oscilloscope to display the AWG waveform on Channel 1.
When you choose the oscilloscope vertical, horizontal, and trigger settings, you need to have some idea of what the waveform should look like. Three guidelines are: (don’t do these on the oscilloscope yet).
· Choose a vertical scale so that the waveform occupies 3 to 6 divisions.
· Choose a horizontal scale so that 2 to 4 periods are displayed. 
· Choose edge triggering. Select rising or falling edge. Select auto trigger mode. Select a trigger voltage in the middle of the waveform’s voltage swing (approximately the waveform’s average voltage).
Once you have a stable display you can readjust it as desired.
Note: The normal, or Norm trigger mode will not display a trace at all if a trigger event is not detected, so it can be hard to set up the display in this mode. The automatic or Auto mode will always display a trace but if a trigger event is not detected the trace will be unstable.
a.	Connect the AWG output (not the sync) to the oscilloscope Ch. 1 input with a cable. The waveform may not look like the one in Fig. 6 at this time.
b.	The AWG output should be a 1 Vp-p, 1 kHz sine wave, so calculate appropriate settings:
Calculate the vertical scale factor so the peak-peak waveform amplitude will span 5 divisions.
Calculated scale factor (volts/div): 		
Now calculate the waveform period.
Waveform period:  		 
From the calculated period, determine the horizontal scale factor that results in 2 periods across the 10 horizontal divisions.
Horizontal scale factor (sec/div):		 
Calculate the voltage that is midway between the waveform positive and negative peaks:
Midpoint voltage: 		 
c.	Now adjust the settings as in the procedure below. The displayed waveform may not be stable until you complete the settings adjustments.
· Press the “1” button in the Ch. 1 vertical control area so it is lit. This activates Ch. 1 (Fig. 7.)
· Adjust the Ch. 1 vertical position so the trace ground reference is at the display center. Fig. 8 shows the ground reference level indicator (has a “1” next to it) and the trigger level indicator (has a “T” next to it) on the left side of the display. The ground level in Fig. 8 is above the center so you can see it.
· 


· Adjust the Ch.1 vertical scale until it is the value you calculated or as close as possible to that value. 
The adjustment increments follow a 1 – 2 – 5 most-significant digit progression, so your calculated value may not match the setting values, but that is fine. Just use the closest scale factor. The waveform should not clip at the top or bottom of the display.
[image: ]
Fig. 7. Ch. 1 Analog vertical controls.

· Adjust the horizontal scale factor knob (Fig. 9) to your calculated value. 
Again, the increments follow a similar 1 – 2 – 5 pattern, so you may not find the exact value you calculated. Just make sure you see at least two periods.
[image: ]
Fig. 10. Trigger controls.

[image: ]
Fig. 9. Horizontal time base scale control.

· Press the Mode/Coupling button in the trigger control area (Fig. 10) and the menu at the bottom of the display will appear as in Fig. 11. If the mode is not Auto, press the button under the Mode menu item and select it. Press multiple times until the check mark appears next to Auto, then stop. The menu will disappear.
[image: ]
Fig. 8. Ch. 1 ground reference and trigger level. No signal present.

[image: ]
Fig. 11. Trigger Mode/Coupling menu along bottom of display.

· Press the Edge button in the trigger section. The Edge Trigger menu will appear across the bottom of the display as in Fig. 12. 

· Since the only waveform is on Ch. 1, you must trigger on it. If the Source is not Ch. 1, press the button under the Source indicator until the selection menu pops up. Press multiple times until the check mark appears next to Ch. 1, then stop. The menu will disappear. 
· Choose the positive-going slope (arrow below Slope points up).
· Now adjust the trigger voltage level to the midpoint voltage value you calculated in part 2(b) by turning the small Level knob in the trigger section. Once this is done, the waveform should be stable.
Note:	If you are on a low V/div scale like 10 mV/div and the trigger level is way off, it can take many Level knob turns to set the level to what you want. You can speed up the process by changing the vertical scale to a higher value and then adjusting the trigger level to bring it close. Then reset the vertical scale to the one you want and fine-tune the trigger.
· Have your instructor verify that your display is stable. 
d.	You can have the oscilloscope automatically scale a waveform and trigger on it by pressing the Autoscale button (Fig. 13.). 
While this is convenient, you should not have to resort to this method just to display a waveform. 
Note:	Autoscale can produce unexpected results. For example, the oscilloscope may trigger on a high-frequency noise signal. You can tell if this happened when your waveform does not look right. When looking at the amplitude and horizontal scale settings you will likely see a very small vertical scale and a very small time/div (usually nanoseconds/div). 
[image: ]
Fig. 13. Autoscale and Measure controls.

· Press the Autoscale button and see what happens. 
3.	Making automatic measurements. 
The oscilloscope can display up to four simultaneous automatic. It’s easier than using time and voltage cursors to make the measurements manually. The measurements can be made on any waveform and between waveforms. The most popular ones are peak-peak amplitude, average level (same as DC level), frequency, period, and phase difference.
a.	Press the Quick Meas button shown in Fig. 13 and the Measurement Menu will appear. From the menu, you choose the source channel, the measurement you want, and then display it. When you press the Select button the menu in Fig. 14 appears. You can keep pressing Select until the arrow points to the desire measurement, or you can use the Select Knob next to the Autoscale button to do the same.
b.	Have the oscilloscope measure the AWG waveform peak-peak amplitude and frequency. You will have to select two measurements, one at a time. You may have to clear existing measurements with the Clear Meas menu.
[image: ]
Fig. 12. Edge Trigger menu along bottom of display.

Frequency:			Peak-peak voltage:		
Do these values match the settings on the AWG? If they do not, correct the problem.
4.	Measuring a voltage divider’s gain.
You will measure the input and output waveforms of the voltage divider circuit in Fig. 15 and explore some other features of the oscilloscope. 
Note: Always monitor the input waveform along with the output waveform.
a.	Build the circuit on a breadboard and connect cables to the equipment. 
· Put the two resistors on the breadboard, connecting one end of each together on one row. The other ends should be on different rows. 
Note:	The 5 holes on a single row are connected. (For example, holes with coordinates 1-A, 1-B, 1-C, 1-D, 1-E). Rows on a panel are not connected across the gap (For example, hole 1-E does not connect to hole 1-F). Adjacent rows are not connected. The holes in columns of the long, narrow strips are connected.
· Connect a cable from the AWG output connector to the circuit. You will need a BNC to mini-grabber or BNC to alligator clip test cable. The black lead is the ground, so it goes to R2 and the red lead goes to R1.
· Connect test lead cables or true oscilloscope probes from the voltage divider to the oscilloscope so that you can monitor the AWG input signal on Ch. 1 and the voltage across R2 on Ch. 2. 
Note:	Probes are better than test lead cables for connecting signals to the oscilloscope. The most common variety is a ×10 probe which has a 10 MΩ input resistance, but it also acts as an attenuator, reducing the signal amplitude at the oscilloscope input by a factor of 10. Agilent probes are automatically detected by Agilent oscilloscopes and the attenuation is corrected in the vertical scale factor. The non-Agilent probes have selectable ×1 (no attenuation) or ×10 attenuation but the ×10 ratio is not accounted for by the oscilloscope. You must do that in the channel menu Probe setting.
[image: ]
Fig. 15. Voltage divider.

[image: ]
Fig. 14. Select measurement menu.

· The completed setup should look like the one in Fig. 16. All black leads must be connected to the same node, in this case the bottom of R2. Fig. 17 is a close-up of the connections on the breadboard. Fig. 18 shows how you can make connections to components less cluttered with a short jumper wire.
[image: ]
Fig. 16. Voltage divider setup.

b.	Set the AWG amplitude to 10 Vp-p and enable its output.
c.	Set the oscilloscope to trigger on the AWG signal. 
[image: ]
Fig. 17. Close up of test lead connections.

d.	Measure the peak-peak amplitude of both waveforms.
Input signal amplitude:			Output signal amplitude: 		
[image: ]
Fig. 18.	Using a jumper to make connections easier.

e.	Calculate the theoretical and measured voltage divider gain (or loss) Voutp-p/Vinp-p. Compare the two using a percent error calculation as in Eq. 1.

		(1)
Theoretical divider gain:			Measured divider gain: 		
Percent error:		
f.	Low-level signals like the one on Ch. 2 can have noise on it, which makes the automatic measured peak-peak voltage value too large. 
· Go into the Ch. 2 menu and turn on the bandwidth limit (BW Limit). When activated the small square under BW Limit will be dark. 
· Remeasure the output signal amplitude and recalculate the measured divider gain.
BW Limit output signal amplitude:		
Remeasured divider gain:		
Percent error from calculated divider gain:		
g.	Averaging is the best way to reduce noise on a trace. But, the triggering must be stable for it to work. High resolution mode (Hi Res) is about as good and does not require stable triggering. In these two modes, all waveforms are affected, not just one channel.
· Turn off BW Limit on Ch. 2.
· In the Waveform section, press the Acquire button. Activate the Acq Mode menu and select Hi Res or Average. Then try the other to see which removes the most noise.
· Remeasure the output signal amplitude and recalculate the measured divider gain.
Averaged or Hi Res output signal amplitude:		
Remeasured divider gain:		
Percent error from calculated divider gain:		
Account for the difference between the calculated and measured divider gain.
h.	Now turn off waveform averaging or high resolution mode.
5.	More on triggering.
The best signal to trigger on is the Sync output of the function generator. After that the next best signal is the one with the largest amplitude. However, you may find that you must trigger on low-level, noisy signals. The trigger circuit has low pass filters you can select to help with triggering on small signals.
a.	Change your trigger source to the divider output on Ch. 2 and adjust the trigger level to the center of the waveform.
b.	The waveform may not be stable. If it is, lower the AWG amplitude by 1 Vp-p increments until the waveform is not stable.
c.	Go into the trigger Mode/Coupling menu and try activating high-frequency reject (HF Reject) or Noise Reject. 
Did HF Reject or Noise Reject stabilize the triggering?
6.	Saving waveforms.
Saving oscilloscope display images is the best way to document your measurements. If the oscilloscope is connected to a computer running Keysight (Agilent) BenchVue, it is the most convenient way to save waveforms. 
If not, waveforms can be saved to a USB drive inserted in the front panel connector. 
Note:	when saving a display image, invert the graticule colors so that the display’s background is white. It saves toner/ink when printing and looks better on white paper.
a.	Insert a USB flash drive in the front panel connector. 
Note: The largest capacity USB drive the oscilloscope can read is 4 GB.
b.	Press the Save/Recall button in the File section (Fig. 19) and the Save/Recall menu will appear on the display.
[image: ]
Fig. 19. Save/Recall button.

c.	Press the button under Save and its menu will appear on the display.
d.	In the Save menu, press the button under Format and select either a bitmap (BMP) or portable network graphics (PNG) image file format. You will automatically return to the Save menu in a few seconds.
e.	In the Save menu, make sure Save To says usb0. You will automatically return to the Save menu in a few seconds.
f.	Changing the file name is optional. If you want to, press the button under File Name and make the changes. Return to the Save menu by pressing the button under the up arrow .
Note:	The oscilloscope will use a default name starting with “scope_0” and will increment the number automatically each time you save a display image. 
g.	In the Save menu, press the button under Settings and select Invert Grat (the small square will turn dark). Return to the Save menu by pressing the button under the up arrow .
h.	In the Save menu, press the button under Press to Save to save the file.
Note:	Always check your saved files to be sure they look right. 


Appendix: 

The important function generator and oscilloscope specifications are in tables A-1 and A-2.
Table 1. Important AWG Specifications.
	Specification
	Value

	Standard waveforms
	Sine, square, triangle, ramp, pulse, DC, noise

	Square wave:
	Frequency range: 1 µHz to 20 MHz
Duty cycle: 20% to 80%
Rise and fall times: < 13 ns

	Triangle and ramp
	Frequency range: 1 µHz to 20 MHz
Variable symmetry: 0% to 100% (50% is triangle)

	Pulse
	Frequency range: 500 µHz to 5 MHz
Pulse width: 20 ns minimum, 10 ns resolution

	Amplitude range
	10 mV peak-peak to 10 V p-p into 50 Ω load
20 mV peak-peak to 20 V p-p into open circuit

	DC offset range (DC + peak AC)
	±5 V into 50 Ω load
±10 V into open circuit

	Waveform output impedance
	50 Ω

	Sync output
	50 % duty cycle, TTL-level square wave at selected waveform frequency



Table 2. Important Oscilloscope Specifications.
	Specification
	Value

	Number of channels
	4

	Channel bandwidth
	DC to 100 MHz, 3.5 Hz to 100 MHz when AC-coupled

	Channel digitizer sample rate
	2 Gs/s

	Waveform memory
	4 million points per channel

	Input impedance
	1 MΩ or 50 Ω, selectable

	Vertical resolution
	8 bits (256 levels), 12 bits in Hi Res or Average acquisition modes (16,384 levels)

	Vertical scale factor range
	2 mV/div to 5 V/div

	Coupling
	DC or AC (AC coupling blocks the DC part of a waveform)

	Bandwidth limit
	20 MHz

	Time scale factor range
	5 nsec/div to 50 sec/div
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