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Electronic Measurements

1 Goals

Today you will learn to use equipment that are useful for building and testing electronic circuits. You will use
all of these instruments extensively throughout the semester.

« Power supply

o This is used to provide DC power to your circuits
o It can be used as a voltage source (constant voltage) or a current source (constant current).
+ Function generator

o This is used to create signals with various waveforms
o This is an incredibly useful tool for characterizing the frequency dependence of your circuits.
« Digital multimeter (DMM)
o This is an extremely versatile tool that can measure DC and AC voltages and currents,
resistances, and sometimes more (depending on the model)
o It has a simple display that can only show single values such as a root-mean-square voltage or
the frequency of an AC signal.
+ Oscilloscope (aka scope)

o This is a voltage meter that can “plot” voltage over time
o This is a far more powerful tool for characterizing voltages than the DMM because you can
characterize wave shapes and noise.

In this course you will continue to develop essential laboratory skills. Not only is the above equipment found
in nearly every lab space, but you will practice keeping a lab notebook in a practical way and practice a
model based approach to experimental design.

In this course, you will practice implementing, testing, and refining models. Extremely accurate and nuanced
models are often difficult to implement, so it can be desirable to adjust physical systems to accommodate
simpler models. Balancing accuracy and simplicity is a skill and takes practice.

Today, you will

« Connect your circuit to Earth ground,

+ Set up the power supply so that you can get voltages both above and below ground (positive and
negative voltages),

+ Operate the power supply in constant voltage and constant current modes,

« Measure physical properties, such as voltage differences, current, and resistance,

« Trigger the oscilloscope,

+ Operate the function generator,

+ Use a caliper or micrometer to measure the diameter of a wire and estimate the resistance,

+ Measure resistors using 2-terminal and with 4-terminal measurement methods,

+ Develop familiarity with the model-based approach to experiment.

2 Lab Notebook Guidelines

Lab notebooks are an essential tool in research and development settings. They may seem tedious to
maintain, but if you develop good habits now, you will avoid unnecessary headaches in the future. Poor
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notetaking can cause you to lose track of data or the meaning of data which can force you to unnecessarily
repeat experiments and/or calculations.

The lab notebook will play an essential role in this course and will be graded each week. You will use your
notebook for keeping records of many things including:

« Answering prelab questions from the lab guide to prepare you for upcoming lab activities,
+ Answering in-lab questions,

+ Measurements and data,

+ Plots, diagrams, pictures, and sketches,

+ Experimental procedures and designs,

+ Analyses and results.

The lab notebook will be an important part of your grade because learning to keep a good lab notebook is
crucial for your professional development. Keeping a physical notebook is very common, but many people
like to keep digital notebooks nowadays, usually as a supplement to a physical notebook. There are many
popular tools; since the University now uses a Microsoft ecosystem, OneNote ends up being very convenient
for integrating with other Microsoft tools such as Teams and OneDrive. Jupyter notebooks are another
useful tool as they can integrate Python code with Markdown (with LaTeX compatibility) which can
streamline your calculations and allow for nice and easy plots. Your lab notebook is the main mechanism for
communicating your processes and results of the lab experiments. Each week, you will be responsible for
turning in both your pre-lab work and your lab notebook / analyses via Canvas. See the syllabus for more
information.

3 Cables and Adapters

There are many kinds of cables and adapters found in the lab. The following are some of the more common
ones you will encounter.

Figure 1: Banana cables - wires with banana connectors at the end. The power supply and DMM have banana sockets to make
connections to.
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insulating sheath

inner (signal)

outer (ground
(8 ) counductor

counductor

Figure 2: Coaxial (coax) cables - this kind of cable is specially designed for sending signals through. It has two conductors: one is
the inner conductor which is used to send the signal through, and the other is the outer conductor which is designed to be
grounded. Gauss’s law suggests this geometry will shield the inner conductor from external EM fields.

Ground conductor

Signal conductor

Figure 3: BNC plug connector - there are many kinds of connectors used for coax cables. BNC is a large, robust, and popular
connector.

to inner conductor

to outer conductor

Figure 4: Mini-Grabber to BNC Socket Connector - this allows you to make connections to exposed wires. The red grabber is
connected to the inner conductor and the black grabber is connected to the outer conductor.
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"Grourﬁ" Tab

Figure 5: BNC to double banana adapter - this adapter allows you to connect coax cables to the DMM or power supply. The “ground”
tab (labeled GND) lets you know which banana plug gets connected to the outer conductor of the coax. Well designed devices
have banana sockets spaced just far enough for these adapters to fit.

4 Some Useful Definitions

Common ground - there are many types of ground and people often confuse them and use the word “ground”
to refer to any one of them. A common ground is any part of a circuit which is (arbitrarily) referredtoas 0 V
and that all other voltages are measured with respect to.

Earth ground - a common ground which is ultimately connected to the Earth. The 3rd prong on wall outlets is
Earth ground. Under buildings large metal plates are buried and are connected to via a ground wire. Earth
ground allows for certain kinds of short circuit failures (and lightning strikes) to have the power diverted
away and avoid excessive damage to devices, buildings, or YOU.

Chassis ground - a common ground which is a metal frame around the circuit. If a device plugs into the wall
with 3 prongs, it is likely that the chassis is also connected to Earth ground. Chassis grounding can help
facilitate the safety of Earth grounding, but also acts a Faraday cage, shielding the circuit from external EM
waves.

Electrical load - a load refers to the impedance/resistance (in ohms) connected from the output of a power
source to the circuit’s ground. This could be a speaker, a light bulb, a microwave oven, or anything else which
is drawing power from the circuit.

RMS (Root Mean Square) - the square root of the average of a periodic function squared over one period
Vams = v/ (V(¢)2). Example: For the function V' (t) = Vj sin(wt), the RMS value is Vgus = %

Note: \/% = g ~ 0.707. This number will come up alet in this course, and is worth committing to memory!

5 Text Books

This course does not require purchasing a textbook, but we recommend using an external resource to read
as a supplement. Each prelab will point out sections in each of these books that are relevant to the content
of the lab that week.
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1. Analog and Digital Electronics - D. A. Steck

+ This text is freely available as a PDF, so you may want to download it and keep it handy.
2. The Electronics Companion - A. C. Fischer-Cripps
+ This is a great reference for quick information.
+ There is a copy of the first edition in the lab.
3. The Art of Electronics - P. Horowitz and W. Hill
+ This is a very practical (and in depth) textbook
« This book is an invaluable resource for designing your final projects
+ Very comprehensive discussions of advanced topics, but sparse on the introductory basics.
+ There are 3 copies of the 2nd Edition in the lab.

For today'’s lab, the following sections are useful and relevant readings

1. Steck Sections 1.1 - 1.3.2
2. Fischer-Cripps Sections 1.1 - 1.11,2.1 - 2.5,3.1 - 3.3
* Resistor color code chart on p. 247 (Here’s a Code calculator and an online chart)
3. Horowitz and Hill 2nd ed. Sections 1.01 - 1.12
4. Horowitz and Hill 3rd ed. Sections 1.1 - 1.2.2,1.3 - 1.3.1

Multimeters on p. 10
5. The following manuals, which can be found on on the lab manuals page:
+ Keysight EDU33210 Series Waveform Generator User Guide and Data Sheet
Keysight EDU36311A Power Supply User Guide (p. 43-45) and Data Sheet
+ Tektronix TBS2000 Series Oscilloscope User Manual
6. There's also a math review on complex numbers

6 Prelab

Before beginning your first prelab, read the Prelab Expectations and Recommendations. It explains why
prelabs matter and how to approach them effectively.

Answer the following questions in your lab notebook and with Jupyter Notebooks. Scan the relevant pages
and upload the PDF file to Canvas. Note that the lab prep activities are directly related to the lab and by
completing them (and having them available during lab) you will be able to work through the lab more
efficiently and be able to understand what you are doing during the lab.

For your calculations, you should write a reusable function in a Python script that you can import into your
Jupyter Notebooks. This will allow you to easily update calculations and recycle code in a practical way.

For example, with a script called jlab.py

Python script to import useful functions for J-Lab

def parallel resistance(resistors: list) -> float:
Calculate the parallel resistance of a list of resistor values
Conductance is 1/Resistance
returns sum(R i"~(-1))"(-1)
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conductance = 0.0 # initialize result of sum
for resistance in resistors:

conductance += 1.0 / resistance # add each term to sum
return 1.0 / conductance

This function can be used in a Jupyter Notebook like this

import jlab as jl

rl = 2e3 # 2 kOhm
r2 = 500 # 500 Ohm
r3 = 1le3 # 1 kOhm
rp = jl.parallel resistance( [rl, r2, r3] )

print( "R p = {:.1f} Ohm".format(rp) )

Throughout this course, there will be many calculations that you will use repeatedly. It may seem like extra
work now, but adopting this practice early will help streamline your workflow throughout the semester and
make your life easier in the long run.

6.1 Physics 2 review: Resistors

In Physics 2, you learned introductory basics to circuits. Metals have free electrons that can flow through the
material (current) when there is a difference in electric potential across it (voltage applied). Ohm's law
describes the relationship between current and voltage:

AV =1R (1)
where R is resistance with units of Q (Ohm'’s). The resistance of a uniform piece of metal can be described
by

R ,,% (2)
where p is resistivity (a property that depends on the type of metal), £ is the length of the metal in the
direction the voltage is applied, and A is the cross-sectional area in the other two directions.

Vo i< V) >i Vi

Figure 6: A cylindrical metal (like a copper wire) with voltage difference of V,, — V; applied along its long axis will have a cross
sectional area of 7r2.
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Adding two resistors in series adds their lengths together, so the resistance goes up. In general, n resistors
in series will have a total resistance of

=", (3)

(2

-
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—

R

series
%

However, adding resistors in parallel adds the cross-sectional area, so the total resistance will decrease. The
total resistance of n resistors in parallel obeys

1 21
— == @)

parallel i=1 "1

6.1.a Prelab question
What is the total resistance of two resistors in parallel that each have a resistance of R?

6.1.b Prelab question

50 Q2

75 €2 100 Q

Figure 7: These resistors combine to have a total resistance.

Find the total resistance of the combination of resistors shown in Figure 7.

6.2 Physics 2 review: Joule heating

When current flows in the metal, there will be power dissipated due to heat. This phenomena is known as
Joule heating, and the power (energy/time) can be calculated by

P=1IAV (5)
where I is the current through the metal/resistor and AV is the voltage across it. This can be expressed in
terms of the current and resistance or the voltage and resistance using Ohm's Law

P:12R=¥ (6)
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6.3 Physics 2 review: Capacitors

A capacitor stores energy in the form of electric fields that are generated by separated charge. In Physics 2
you considered the parallel plate capacitor.

/

Figure 8: A parallel plate capacitor.

When a voltage difference AV is applied to the plates, equal and opposite charge @ will accumulate on each
plate according to

Q =CAV (7)

where C is the capacitance of the capacitor with units of F (Farads). The capacitance can be determined
through considering the electric fields produces by the charged sheets. At some point, you've worked this
out using Gauss'’s law. The result is

A
C=¢gy— 8
€o d ( )
Adding capacitors in series then increases the total gap distance, decreasing the capacitance. The total
capacitance of n capacitors in series is
1 "1
- il 9
C. ‘ C, ©)

series =1 "t

Adding capacitors in parallel is like adding more area to a single capacitor. The total capacitance of n
capacitors in parallel is

Cparallel = Z C’z (10>
=1
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6.3.a Prelab question

—— 50 uF

75nF —— 100 nF

Figure 9: These capacitors combine to have a total capacitance

Calculate the total capacitance of the combination of capacitors shown above.

6.4 SPICE simulation

SPICE (Simulation Program with Integrated Circuit Emphasis) is an open-source circuit simulation tool that
is commonly used to help prototype and analyze circuits. There are many implementations of SPICE, but for
this class, we will use Analog Devices’ LTspice (because it's free!).

Download and install LTspice. Sometimes, the website changes; if the link is broken please report the
issue to the technical staff, and search “site:analog.com LTspice download” to locate the download
page. Note: The Mac version is not as updated as the Windows version. There are instructions on how
to install the updated Windows version on your Mac here, although we can not guarantee bug free
results.

Download and save this useful PDF of shortcuts

On the download page there are several tutorials.

o Watch the LTSpice Tutorial - EP1 Getting started by FesZ Electronics.
» Mac users should check out LTspice - Getting Started in 8 Minutes by CircuitBread.

6.4.a Prelab Question

Start a new project and place a voltage source somewhere. Right click on the element and set the
voltage to 10 V (you can just type the number “10” in the text box). Leave the series resistance blank.
Place a resistor next to the voltage source. Right click it and set it's value to 1 k Q (you can just type
“1k” in the box)

Use the wire tool to connect the source to the resistor to create a complete circuit.

Use the ground tool and place the ground somewhere along the wire connected to the (—) terminal of
the source. This tool tells the simulation what voltage you are referencing from; all voltage
measurements will be relative to this voltage (i.e. you can refer to this as “0 V”").

Take a screen shot of the circuit and include it in your prelab.

Use Ohm'’s law to predict the current through the resistor. What is this current (don't forget units!).
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+ Use the Joule heating equation to predict the power dissipated in the resistor (don't forget units!).
Configure the analysis:

o Select the “Transient” tab
o Stop time: 1 (for 1 second)
o Time to start taking data: 0
o Click okay
+ The simulation should now be running.

o hover the mouse over the wire connected to the (+) terminal, so that the mouse icon turns into
a red probe-like object. Click on the wire to measure the voltage. The voltage here should
obviously be 10 V.

o hover the mouse over the resistor so that the icon turns into a blue arrow through a loop. Click
to measure the current through the resistor. What is this current? Does it match what you
calculated using Ohm’s law?

o hold the Alt key to turn the current measuring tool to a power measuring tool (the icon should
look like a mercury thermometer). While holding Alt click the resistor to measure the power
dissipated in the resistor. What is the power? Does it match your calculation?

7 Lab Activities

IMPORTANT NOTE: In this course’s lab manuals, “ground” refers to Earth ground; other kinds of ground will
be explictly differentiated.

7.1 Power Supply

Your DC power supply will provide your circuits with the required power. The Keysight EDU36311A DC Power
Supply has three outputs that can be independently controlled. Pages 43-45 of the User Guide (which can be
found in the Data Sheets and Instrument Manuals page) discuss this in detail.

7.1.a Set up the DC voltage bias

We want two of the power supply channels to be set up such that the potential difference (voltage) set on
one of the channels is positive with respect to ground and the other is negative with respect to ground.

By default, all 3 outputs are FLOATING with respect to ground. You have to manually connect one of the
terminals of an output to ground in order to “tie” it to ground. This gives you the flexibility to use the power
supply in a number of different ways.

When you set 5 V on channel 2, the power supply will make the (+) terminal 5 V above the (—) terminal. In
order to get 5 V relative to ground, you will need to connect one of these terminals to the ground terminal.

1. Get some or black wire (from the wire spool rack on the top of the blue tool cabinet) to make
these grounding connections. Connect channel 2's (—) terminal to ground and channel 3's (+)
terminal to ground (see the green lines drawn on Figure 10). You can unscrew the input jacks on the
power supply to expose a small hole where the jumper wires can be inserted.

2. You will set the outputs of channel 2 and 3 to 15 V. Predict what the voltages will be at each of the
4 output terminals (whenever someone refers to a voltage at a location, they always mean “relative
to ground”).

3. Using banana cables, how would you connect your DMM to the power supply to measure the voltage
at these terminals? Sketch it in your notebook (Hint: don't use the mini-grabbers since there’s no
sensible place to grab with them).
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4. Set the voltages and turn on the outputs of channels 2 and 3. Set up your DMM to measure the
voltages at each terminal. Do your results match your predictions?

Triple QOutput Programmable 6V/5A,30V/1A,
KEYSIGHT EDU36311A pc power Supply IOVAA.

EW source Settings ‘ 8 Voltage ) Xcument

e 4
Voltage 6010 V QOCP State oF |

lelay Trackis
Current 5.000 A OCP Delay Start Uandon | Macking

QV Protection r 76_600 v | OCP Delay

Protection Clear

29.999 vy 30.000 v
0.001 a 0.001 &

Figure 10: Keysight EDU36311A DC power supply connections

7.1.b Investigate operating modes
Ohm's Law states the voltage drop across a load is

AV =1IR (11)
But as the load R changes, either the voltage or the current will have to adjust. A voltage source supplies a

constant voltage (the current changes), and a current source supplies a constant current (the voltage
changes). Mathematically:

+ Voltage source: I(R) = %, where V is a constant.
+ Current source: V(R) = IR, where I is a constant.

The power supply can be used either as a voltage or current source. When it is a voltage source, it will
display CV for constant voltage in the top right corner of the channel’s display, and when it is a current
source, it will display CC for constant current. The power supply will automatically switch between these
modes depending on the voltage and current limits you set as well as the load attached.

1. With no load attached, what mode is the channel in (CV or CC)?

2. Try adjusting the value of the voltage limit and the current limit. Why is the current output always
zero? What value could you reasonably assign as the load?

3. Use a banana cable to short the (+) rail of Channel 2 to ground. What mode is the channel in now?
Use the voltage and current readings on the screen and Ohm'’s law to determine the load on the
output. Why does the voltage output not reach the voltage limit?

4. Vary the value of the voltage limit and current limit again. Describe the behavior of the voltage and
current readings and the mode (CV/CC) of the power supply. What happens when you short the
output to ground (have too small a load)? What is the maximum output of current and voltage your
supply can produce?

5. Remove the short.
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6. Given a known load of 50 2, describe how you would set the voltage and current limits to get CV
mode with 15 V or CC mode with 300 mA (this is a good place to check in with an instructor).

CV and CC modes are not settings you select in a menu. They are modes inherent to the voltage and current
limits set for given ranges of loads. Whichever limit the power supply reaches first (which depends on the
load), will determine which mode the power supply is in. If this is not clear, please check in with an
instructor.

7.2 The Oscilloscope (Scope)

The goal of this part of the lab is to be able to use an oscilloscope (aka scope or o-scope) to make voltage
measurements over time. Old, analog scopes scanned an electron beam horizontally across fluorescent
screen, and applying a voltage at the input would cause the beam to deflect up and down with the voltage,
allowing you to visualize how the voltage behaved over time. Today, most labs are equipped with digital
oscilloscopes which rapidly measure the voltage and then plot the data on a screen in real time. This has
many advantages over using the DMM as a voltmeter because it gives you much more information about the
voltage you’re measuring.

There are a few precautions to observe when operating the oscilloscope:
+ Avoid overheating the instrument. Do not block ventilation of the interior.

+ Do not apply more than 300 V to any input terminal.
+ Avoid serious or fatal injury from electrical shock. Do not remove the case to expose the 120 V mains.

Otherwise, the instruments are robust and cannot be damaged by wrong settings. So, try whatever you're
curious about and measure and document what happens.

Menu
Navigation

On-screen menu
selection buttons

Voltage-scale
control
(per channel)

Figure 11: Basic operation guide for the oscilloscope.
The front panel of the scope is organized in a very particular way:

« Vertical refers to controlling the y-axis of the plot (which is voltage).

o These scopes have 4 separate inputs which can all be used at the same time, and have
individual controls for scaling and offsetting the voltages of each.
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* Horizontal refers to controlling the x-axis of the plot (which is time).

o All 4 channels have to be displayed with the same time scale, so there is only one set of
horizontal controls for all 4 channels.
+ The black buttons allow you to select options displayed next to them on the screen.
+ Knobs can be pressed like buttons (read the labels to see what they do).

7.2.a Setting up the Scope

Help Function Autoset Single Run/Stop

Navigation Resources Horizontal Trigger

Cursors Position
Measure
Zoom O @ Menu

Push to center

Search

il

Push to select

Push to Set 50%

FEA =

w0 @
Push to center
3

Force Trig

B

Ref
1 2 Menu

- I @ @ e @ @
Push for
Trig Source

Figure 12: The Default Setup button resets the scope to all of the default settings. This is a great way to clear the previous users
settings. Note: the default is to report the signal as 10x greater than measured (this is to compensate for the scope-probes which
attenuate the signal by 10x).

1. Turn on the scope and once it's booted up, press the Default Setup button to reset all the user
settings. The default setting is to have the reported voltages be 10x what is actually measured (we'll
get to why this is the default later).

2. Press the yellow 1 button to open channel 1's menu, and set the Probe Setup setting to 1x (see
Figure 13). Repeat this for the other 3 menus.

3. Turn off channels 2, 3 and 4. To turn a channel off (so you don’t see it on the screen), you can press
the menu button for that channel to open the menu, and then again to disable the channel.
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DIGITAL OSCILLOSCOPE EIIEEEE

On

Bandwidth

Full

Label
Probe Setup
10X

Offset

<iuric

[

Figure 13: Set Probe Setup to 7x.

7.2.b Measuring a DC voltage on a scope

1. Use a BNC cable and a BNC to double banana adapter to connect channel 1 of the scope to the
power supply.

2. Apply a voltage from your power supply and confirm that this is what you see on the oscilloscope.
The yellow triangle on the left of the screen indicates where 0 V is (this can be moved with the
yellow vertical position knob). Hint: moving the zero position to the bottom of the screen allows you
to choose a smaller voltage scale (zooming in) so that you have more resolution on the screen.

1. Try to estimate the voltage by counting the number of divisions and using the reported
vertical scale (voltage / division) in the bottom left of the screen (see Figure 14).

2. Try using the cursors option in the Navigation portion of the controls.

3. Press the Measure button in the Resources portion of the controls to open a menu of data
processing options. Which one of these options would be best to use?

IMPORTANT NOTES:

« Even though this button is called “measure,” the real measurement is already being done to display
the line on the screen.

« The scope stores the real measurements of voltage and time in an internal log.

+ “Measure” allows you to analyze the stored data by applying computations to report certain values.

+ Itis important to read the details of an option before using it because it may not do what you think it
does.
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+ Oscilloscopes can only distinguish about 100 different values on the vertical axes of the screen.
Before you use the “Measure” button, make sure that the trace covers at least half the screen
vertically without clipping at the top or bottom. This way you get a resolution/accuracy of
approximately +2%.

3. Inyour lab notebook, describe the setup of the electric circuits (diagrams are useful) and the
outcomes measured.

1 div Trigger offset

Active channel

Zero indicator
for channel

l

CH1 I E LY 1.00V 1.00 ps 2.00GS/S 0.00 V
= 0.00000s 20k points  59.816 kHz

' / Trigger level
Horizontal scale Sample rate

Vertical scale
(voltage / div)

(time / div) Trigger offset Trigger rate
Figure 14: The oscilloscope screen.

7.3 Creating an AC waveform using a function generator and measuring it on a scope

The Keysight EDU33212A function generator can produce a number of different waveforms over the
frequencies from 107% Hz to 20 MHz. The output amplitude can be varied between 1 mV and 20 V peak-
to-peak with an output impedance of 50 Q.

There is one main precaution to keep in mind: Do not connect any output of the EDU33212A directly to DC power or to
the output of any other instrument or circuit. Doing so will burn out the output amplifier! In a later lab, we'll
learn how to use different tools to allow you to safely interface the function generator with DC power.

1. The function generator has an output impedance of 50 ) (there is a 50 Q2 resistor in series with the
output), and it assumes, by default, that you will use a 50 2 load. This means that half of the voltage
will drop across the output impedance, and half will drop across the load, so by default, the function
generator displays only half the voltage that it is actually trying to apply (because this is how much
“reaches” the load). Every time you turn on the function generator, you have to set the output termination
setting to High-Z so that it displays the full voltage (see the appendix or page 53 of the user manual).

« We will explore the idea of output impedance (and input impedance) in much more detail next
lab.

2. OnChannel 1,createal Voo (volts peak-to-peak) sine wave at 1 kHz with no DC offset, and turn the
output on.
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7.4 Triggering

In order to view waves on the oscilloscope, it needs to redraw the wave in the right place at the right time.
“Triggering” is the process of stabilizing a repeating signal on the screen.

1.

10.

11.

June 2026

Use a BNC connector to connect the output of the function generator to the input of channel 1 on
the scope.

Set the voltage / div and time / div so that the sine wave appears nice and big on the screen.
Remember that the period is the inverse of the frequency. Always consider the frequency you are
using and adjust the scope’s horizontal scale appropriately to avoid aliasing! Talk with an instructor
to learn more about aliasing.

The Trigger options are in the top-right corner of the oscilloscope’s front panel. Open the Trigger
Menu. You should see that the Channel the scope is triggering on is Channel 1.

There are 3 options that you will change most regularly. Paraphrase these in your lab notebook for
future reference.

- Trigger channel: the input that the scope uses to trigger (this setting can be changed by
pressing the vertical-scale knob corresponding to the channel you want to trigger to).

« Trigger level: the scope knows to trigger the wave when the voltage changes through the
trigger level voltage (this setting can be changed with the Level knob below the Trigger Menu
button).

- Slope: selects whether to trigger when the voltage rises to the trigger level (rising edge), or
falls to the trigger level (falling edge).

+ Trigger mode: of the modes, there are 2 you will mostly use for this class:

1. Auto (untriggered roll): This setting is needed to measure DC voltages that don’t pass
through a trigger level. It does a poor job of triggering on slower waves (less than a
few hundred Hz).
2. Normal: If no trigger event occurs, nothing will be displayed (so measuring DC can't
be done). But this setting allows you to trigger on slower waves.
Change the trigger channel. Since there is nothing to trigger on on other channels, you will see that
the wave no longer displays in a measurable way (this is what “untriggered” looks like). Describe
what you see. Change the trigger channel back to Channel 1.
Play with the trigger level. Describe what you see. Why does the wave move? Get help if you don’t
understand.
Press the slope button to change between rising and falling edge triggering. Describe what
happens (Hint: the wave is not “flipping”).
Set the trigger level to —400 mV. Is the wave still triggered? If not, increase the trigger level a small
amount until it is.
On the function generator, change the amplitude to 100 mV ,,. The waveform should no longer be
triggered. Why?
It is annoying to have to adjust the trigger every time you adjust your waveform. To accommodate
this, the function generator has an output specifically for triggering on: Sync / Trigger out (just to the
left of the Channel 1 output).
Use a coax cable to connect this output to Channel 4 of the scope.
+ Turn on Channel 4 on the scope.
+ Adjust the vertical scale to fully view the waveform. A good habit is to have the wave occupy
roughly 75% of the screen vertically.
Describe the waveshape.
Change the trigger channel to Channel 4. Adjust the trigger level. Does the trigger level matter?
Why?
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12. Play with the waveform (from channel 1) on the function generator. What happens to the Sync /

Trigger out when you change the
+ the amplitude,
+ the frequency,
+ the DC offset,
+ the phase offset,
+ the wave shape?

13. Why is the Sync / Trigger out a square wave?

7.5 Measuring Waves with the Scope

1.

2.

Make a waveform of your choice with the function generator. Measure the period, frequency and
peak-to-peak amplitude
by estimating using the divisions,
+ using the cursors,
using the Measure button. Be careful to read how the result is calculated in the bottom-left corner of
the screen to make sure you're choosing the right option!
Repeat with a sine-wave.

7.6 Measuring Quantities with the Digital Multimeter

The multimeter is a useful device to make quick and easy measurements of all sorts of things.

1.

The first thing you'll notice is the dial on the DMM. This allows you to select what kind of
measurement you'd like to make. There is also a yellow button which allows you to cycle through
different measurement settings on each of these dial positions. What is the difference between the
voltage channel with the squiggly line over the V and the straight line over over the V?

The second thing you'll notice is the single COM port and separate ports for current measurements
and for everything else (voltage, resistance, etc.). Why would there be separate ports for current?
Connect the leads and set the dial to measure resistance (the mini grabbers are great for this). Get
three resistors close to 5 k Q (5%) from the stock drawers. Measure the resistance of each resistor.
Do all the resistors meet the 5% specification?

Measure the voltage across the resistor. Why isit0 V?

Connect the resistor to the power supply using alligator clips (these can attach to banana plugs) and
set the output to 10 V. Use the DMM to measure the voltage across the resistor. Does the DMM
voltage reading agree with the voltage reading displayed on power supply? Sketch a circuit diagram
representing the arrangement of the supply, resistor, and DMM.

Switch the DMM to the V mode. What does the voltage read now? Does this meet your expectation?
If not, there is either a mistake in your reasoning or with your experimental setup. Once you're
confident the measurement is correct, explain why it is actually correct.

To measure the current you will have to rearrange the circuit and change the DMM configuration. Set
up the DMM properly so that current flows through the correct port of the DMM. Does the current
measurement match the display on the power supply? Sketch a circuit diagram representing the
arrangement of the supply, resistor, and DMM.

Switch the DMM to the A mode. What does the current read now? Does this meet your expectation?
If it does not, this is a good time to get assistance from an instructor.

It should be clear by now that, on the DMM, ~ is a symbol for AC and — is a symbol for DC. Use the V
mode to measure the AC voltage from the function generator. Set the function generatorto 2 V at
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1 kHz. Note: the DMM displays the RMS amplitude of the waveform. See Definitions at the
beginning of the guide for an explanation of RMS. You will also need to consider how “Amplitude”
and “Peak-to-Peak” are related. Is the measurement from the DMM consistent with your
expectation? If your measurement does not match your prediction, please review the definition of
root-mean-square and rework your prediction.

7.7 Measuring Small Resistances (4-Terminal Measurement)

In the previous section, you measured resistances using the ohmmeter in the DMM. You will now use all the
measurement techniques and devices you have learned about to determine the most accurate way to
measure a small resistance. A 4-terminal measurement is a method of measuring small resistances in a
way that “ignores” lead resistance and contact resistance.

7.7.a Measure a small resistance using a DMM ohmmeter

1. Use a~ 2 m length of magnet wire as your small resistor (this can be found on the wire spool rack
on top of the blue tool cabinet next to the entrance of the lab - there should also be a 2m stick near
the tool cabinet). Magnet wire has a very thin amber-colored insulating coating (about 0.001” in
thickness). Make sure you remove the insulation from the ends of the wire to make a good electrical
connection and measurement of the diameter of the wire. You can burn off the insulation with a
flame or use sand paper to scratch it off.

2. Calculate the resistance based on the diameter, length, and resistivity (the resistivity, p, of copper at
room temperature is 1.68 p Q - cm)? Remember that R = p¢/ A, where ¢ is length and A is cross-
sectional area. You'll find dial calipers and a micrometer in the “Measuring Tools” drawer of the blue
tool cabinet. The spool of magnet wire should be 28-gauge. Look up a copper magnet wire gauge
chart online and confirm that your diameter measurement agrees with what you find.

3. Use the ohmmeter in the DMM to measure the resistance of the wire. Document your setup,
measurements, and calculations in your lab notebook.

7.7.b Measure a small resistance using a 4-terminal approach

The way the DMM makes a resistance measurement is by delivering a very small, calibrated current through
the test leads, measuring the voltage between its terminals, and calculating R using Ohm'’s law. The issue is
that this voltage includes not just the drop across the magnet wire, but also the drops across the test leads
and contact resistances. This is called a 2-terminal measurement because the same two connections both
supply current and sense voltage. You will now make a more accurate measurement using a 4-terminal
measurement.

1. Use your DC power supply in CC mode to deliver a specified current. Connect this to the magnet
wire. You now have 2 terminals connected to your wire.

2. Use your DMM to make a voltage measurement of the voltage drop across just the magnet wire (this
adds another 2 terminals connected to your wire).

3. Using the current reading on the power supply and the voltage reading on the DMM, use Ohm'’s law
to determine the resistance of the magnet wire.

4. Draw a diagram of your experimental set up in your lab notebook.

5. Consider how the amount of current flowing through your wire affects the sensitivity and accuracy of
your measurement (consider precision of your measurement devices as well as heat/temperature
dependences).
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7.7.c Compare the two measurement techniques

1. The ohmmeter in the DMM works by supplying a calibrated current and measuring the potential
difference between the outputs. How is this measurement different than the 4-terminal approach
you built?

Hint: consider where the current is flowing and what resistances are involved with each measurement
technique. It is usually helpful to draw a diagram including all the resistances (including the wires and the
contacts).

2. Which method is more accurate for measuring small resistances based on your explanation above?
3. Do your two measurements confirm the scientific argument you just made? Defend your assertion
using your data.

Appendix A: Tektronix TBS 2000 Series Oscilloscope Controls

To change the horizontal (time base) scale:

1. Horizontal scale knob changes the time per division
2. Horizontal position knob changes location of the trigger (labeled as a orange arrow on the top of the

screen)
[ Resources ] Horizontal Trigger ]
Measure
Menu
Save/ Push to center Level
Recall
Default
Setup Push to Set 50%
[ Force Tri
Utility 8

Figure 15: Horizontal settings are for adjusting time scale and offset
To change the vertical (voltage base) scale:

1. Vertical scale knob changes the voltage per division
2. Vertical position knob changes location of the ground (labeled as a colored-coded arrow on the left
of the screen)
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FFT

@

Figure 16: Vertical settings are for adjusting voltage scale and offset.

To access the parameters for each channel:

The channel buttons open the corresponding channel menu with the following options:

1. Input Coupling (AC/DC/Ground)

+ This should ALMOST ALWAYS be set to DC! AC coupling removes DC offsets, which can be
convenient if you know what you're doing with it.
2. Invert Signal (this should be left off)
3. Probe Setup

+ This setting multiplies the measured voltage by the amount specified. In most cases, this
should be set to 1x.

If a channel menu is open, pressing the channel button again will turn off that channel’s trace.

Vertical
Push to center
Ref

FFT
@
Push for
Trig Source

Figure 17: The channel buttons can be used to turn on/off channel traces and open channel menus.

To adjust the trigger:

1. Trigger knob changes the voltage level of the trigger
2. Trigger MENU button
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+ Select which channel to trigger off of (trigger level arrow changes color to show which
channel is being triggered). You can also change the trigger channel by pressing the vertical
scale knobs like buttons.

+ Slope: can trigger off a rising or falling edge.

+ Trigger Mode:

o Auto: (will display a “roll” of measurements when not triggered). This setting will cause
the wave to crawl across the screen at low frequencies.
> Normal: (won't update the display if not triggered). This setting will not allow you to
display DC without an external trigger source.
3. The “Force Trigger” button should be avoided. If you're having trouble triggering, this button often
won't help, and it will stunt your growth with regards to learning how to use the scope properly!

Resources ] Horizontal Trigger ]
Position
Measure

Save/ Push to center

Recall
Acquire

Default

Setup Scale Push to Set 50%

- Force Tri
Utility g

Figure 18: The triggering options can all be found on the top-right of the front panel.

0.00 V

59.816 kHz

Trigger channel 17188er rate Trigger level

Figure 19: The bottom right of the screen shows what channel the scope is triggering on as well as the trigger level and the rate at
which the trigger is occurring.

To select the ACQUIRE mode:
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1. Run/Stop: sets the scope to continuously acquire or freeze after last trigger. The button will glow red
when “stopped” and green when “running.”

2. Single: (aka single shot) acquires a single trace from the trigger and then doesn’t continue to update.

Help Function Autoset
Navigation Resources Horizontal Trigger
cursors Position
Measure
Zoom O @ Menu
Sa\.l"e/ Push to center Level

. Recall
Fine )
Search O Acquire @
Push to select Default

Setup Scale Push to Set 50%

s Set/Clear -l Utility Force Trig I

Figure 20: These buttons are used to set how the scope should update.

Measure Menu (top of panel):

You can select various operations to perform on the measurements on various channels. Be very careful with
these because they can be very deceptive and may not give the result you are expecting, and how you
display the wave on the screen greatly affects the number that “Measure” will report. Generally use cursors
to make accurate measurements.

Cursor Menu (under Navigation):

1. Choose time (vertical bars) or voltage (horizontal bars) measurement.

2. Choose which channel to measure (measurement cursors are the same color as the channel they
are measuring). You can change the channel by pressing the numbered channel button.

3. Big top knob moves the cursors. You can press “Fine” to make it move more smoothly (this will also
cause other knobs to move more smoothly which can be very annoying).

4. Press the knob like a button to switch cursors.
Position relative to ground (trigger zero time) is displayed on the screen with the T symbol.
6. Relative distance between cursors is displayed on the screen with the A symbol.

o

Appendix B: Changing the Output Termination on the Function
Generator (Keysight EDU33212A)

1. Press a channel [Setup] key to open the channel configuration screen. Note that the current output
termination values (both 50 2 in this case) appear at the top left of the channel display.
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KEYSIGHT

TECHNOLOGIES

Frequency 1.000,000,000 kHz

Amplitude  100.0 mVpp

Offset +0.000V

Phase 0.0°

Figure 21: Keysight EDU33212A Setup Menu

2. Begin specifying the output termination by pressing Output Load.

Frequency 1.000,000,000 kHz

Amplitude 100.0 mVpr

CH 1 Output Load
Offset +0.000V

50Q

Phase 0.0°

Figure 22: Keysight EDU33212A Output Selection
3. Select the desired output termination either by using the knob or numeric keypad to select the

desired load impedance or by pressing Set to 50 Q or Set to High Z. You can also set a specific value
by pressing Load.
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Frequency 1.000,000,000 kHz

Amplitude 100.0 mVpr

CH 1 Qutput Load
Offset +0.000V

Phase 0.0° High-Z

Figure 23: Keysight EDU33212A Termination Selection

PHYS 3330

KEYSIGHT

TECHNOLOGIES

Load
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