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Forward 
 
 This manual reflects an effort to bring up to date and expand the “Engineering 
Laboratory Reports Manual” which was first developed during the summer of 2008.  
After seeing the deficiencies noted on their laboratory reports in EE252, Electronics 2, 
students responded, “We don’t know how to write a (good) laboratory report.”  They 
were right.  The Little, Brown Book (Wilkes University’s writing reference) addresses 
writing in general very well.  But for discipline specific writing, especially for advanced 
classes with big projects, support has been inadequate.  Laboratory manuals, where they 
exist as such, typically address the substance of lab exercises to be done, without much 
help beyond an example laboratory report that is often used as a template by students.  
Laboratory manuals do not typically contain anything such as advice on how to deal 
with surprises, or even mechanical issues such as how to port graphics into a report in 
an effective manner.  Telling students, “You should be able to figure this out,” was not 
an adequate strategy. 

The first draft of this manual was developed as an emergency response to this 
issue.  It helped.  While first motivated by issues particular to upper level EE courses, 
the manual has also been used in EGR222 Mechatronics and EE283 Measurement Lab, 
taken by both EE and ME students.  But that first draft was limited and deficient in 
numerous aspects, and has become dated.  The opportunity of a sabbatical was used to 
revise the document and make the contents more suitable for web access.  Wilkes 
University is committed to “Writing Across the Curriculum.” This revised manual is 
specifically aimed at helping make that a reality within the engineering disciplines. 

Writing is one of the most important things engineers do.  There was a time when 
a newly graduated engineer would be put in a back office to grind out equations for 
resistor tolerances or other activities once called “grunt work.”  Only experienced 
engineers were promoted to positions involving communication with vendors and 
clients. Some never did, but continued to toil at back room work.  Those jobs are gone.  
As computers have taken over many of the rote calculations, search, and statistical roles, 
newly graduated engineers need to be effective communicators from the beginning of 
employment.  They will be interacting with clients to take vague, poorly defined 
descriptions of problems or tasks, and articulate them clearly and formally as the basis 
for a contract and a project that meets the client’s needs.  Most of that communication 
takes place in writing. 

Furthermore, writing is an essential tool for understanding.  The discipline of 
articulating a problem or the functioning of a system draws on mental resources that 
lead to greater understanding of the system and possible solutions to problems.  This is 
particularly important in an educational setting.  I have seen that students who are 
unable to use the right preposition, for example, current through a component, or 
Voltage across a component, typically also lack a clear understanding of the scientific 
and engineering principles involved.  There is a critical relationship between the correct 
use of technical language and learning the principles critical to the discipline, rather 
than rote responses and methods.  A lack of understanding principles, as manifest by 
poor usage in technical communication, will betray someone as technically naïve or 
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incompetent in the professional world. 
The nature of the laboratory experience is an important distinctive feature at 

Wilkes.  At Wilkes, professors teach the laboratories.  That means that laboratory 
exercises can be more open ended.  Students can be asked to “design it your way,” with 
several degrees of freedom, or even their unique choice of circuit configuration.  
Examples include the power amplifier and radio laboratory exercises for EE252 
Electronics 2 and the seven segment display lab exercise in EE241 Digital Design, for 
which every student’s code is unique.  It takes considerable experience to help students 
through the process of diagnosing what went wrong when each student’s project is 
different.  (Students are very inventive at devising errors; I get surprises too.)  More is 
learned by trying things and hitting errors, and then making corrections, than by getting 
everything right the first time.  We encourage this, and our students gain insight from it.  
But, how do you write a lab report where something has gone wrong?  Electronics 2 Lab 
reports can run about 20 pages.  That’s what it takes to describe the design process, 
simulation and lab results, and reach conclusions about what it means.  A report is 
necessarily more involved if a discrepancy between design and performance needs to be 
explained.  Students need help in doing this well.  This manual is my earnest effort to 
help them do so. 

Many people have helped with this effort.  I appreciate the support of then Chair 
Dave Cary and Dean William Hudson in their support of my proposal for this endeavor, 
as well as the support of Mike Duffy, Mark Kuzawinski, Russel Stolins, Robert Taylor in 
that application.  I appreciate opportunity to carry out this work granted by the Wilkes 
University Faculty Development Committee, chaired by Adam VanWert, and the 
Provost, Anne Skleder.  Several colleagues and reviewers have been particularly helpful, 
and I would like to cite Mark Kuzawinski, Ed Mohring, and Ed Bednarz.  Finally, I 
would like to thank my colleagues in engineering at Wilkes and our students, many of 
whom have contributed materials used in this manual. 
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Chapter 1 Motivation 
 

A laboratory report assignment is a typical school assignment intended to help 
students develop their skills at technical writing.  Technical reports are very important 
in the professional world of engineering; it's the primary means of technical 
communication.  During my own 15 or so years in industry, much of that time was spent 
developing technical reports of various types.  The pervasiveness of the computer in the 
present day has not changed this.  In fact, written reports are likely to have greater 
circulation, and affect your career more, now that the internet has provided a vehicle for 
wider and less expensive distribution. 

 
The writer of a technical report needs to consider who he is writing for.  Is it for 

the Senior Technical Staff, Financial Folks, Customer Engineering, Software 
Engineering, or System Engineering, some particular client, or a prospective client?  Or, 
perhaps some combination of those audiences?  In the case of a student writing a 
laboratory report, the recipient of the report is the instructor of the course or laboratory 
section.  That is somewhat of an artificial situation, since the intent of the exercise is 
educational rather than to provide technical information of vital interest to a company 
or its clients. 

 
I recommend that you view your laboratory assignment as an instance of “role-

playing.”  You are assuming the role of a junior engineer in a company that is trying to 
develop new products or technology, and needs the information your experiment or 
prototype design may provide.  That information would be used to inform decisions by 
management whether to take the approach or use the principles developed and tested in 
the laboratory exercise.  So, the audience for your report includes management, which in 
industry would be your boss or your boss’s boss, and the more senior technical people 
who advise him or her based on your report.  Thus, you are writing for technically 
informed people who are competent to understand what you are writing about, but have 
limited time available for review.  Your instructor is, in effect, role-playing that 
audience.  In the world of business and government, reports come in many varieties, 
and the roles suggested above are just one of these.  But for purposes of both learning 
the technical material in your courses and in writing and interacting with your 
instructor in a professional way, this “junior engineer” role should be helpful. 
 

A technical report typically has several purposes, some explicit, some not.  Each 
purpose is described in some detail below: 

 
• Convey information 

• Convey methodology to allow checks for correctness 

• Convey methodology to allow repetition 

• Demonstrate competence 

• Impress Superiors 
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1.  Convey information 
As your top priority, you want your technical report to convey the most important 

information to come out of a project.  This is the "bottom line" that management looks 
for first.  Does the prototype work?  Should the new design be incorporated into the 
product line?  Will the new method save money on parts or labor?  The busy executive is 
unlikely to read the whole report.  He will look at the abstract (which should summarize 
what the report says) and might look at the Conclusions and Recommendations 
sections.  He's trusting that all the stuff in the middle is correct.  Someone else will let 
him know if it isn't.  The executive is really the "customer" for the report; he's the one 
that will or won't act on the information. 
 
2. Convey methodology to allow checks for correctness 

A second important role of a good report is to convey your methodology so 
someone can check it against theory or for procedural correctness.  This will likely be 
done by the executive's senior technical people, and perhaps your professional peers 
(and perhaps rivals).  These folks will look at how you did the work reported in the 
report.  If it is incompletely explained, or wrong, they have the responsibility to let the 
executive (your boss or your boss's boss) know before a decision is made based on what 
you have done.  If what you have done contains a major error, this likely will have job 
security repercussions.  If it is poorly written or incompletely explained, you will have to 
rewrite it (and possibly miss the deadline for having the report in, also with possible 
consequences). 
 
3. Convey methodology to allow repetition 

Your methodology also needs to be sufficiently clear that someone can check your 
results by repeating your analysis, experiment or prototype.  If the decision or issue is 
important enough, your results need to be checked by someone else repeating your 
work, possibly using a different technical approach or tools.  Thus, your procedure and 
results need to be complete enough so that this can be done.  If it is a circuit, for 
example, all of the equipment and parts need to be completely specified.  It just might 
turn out that, for example, your power supply was different from the usual, resulting in 
abnormal results that affected the outcome.  This kind of checking is intended to verify 
the results. 
 
4. Demonstrate competence  

You would like to convince others that you are competent in doing the project.  
The professional tone and the presentation of results will impress those reading it that 
you were methodical and comprehensive in your approach, or not.  This is somewhat 
independent of the actual procedure and results, since good work poorly presented will 
cause the reader to distrust the conclusions.  Your boss will use what he learns about 
you in reading your reports when it is time for him to do performance evaluations. 
 
5. Impress superiors 

Closely related to the above, a report is a major opportunity to impress others, 
especially senior technical people in your company, with your competence, insight, and 
cleverness.  If the report is on a project you proposed or suggested, it is all the more 
important.  This is how you sell yourself and build confidence in your value to the 
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company or organization.  It also gives you the chance to recommend effectively a 
technical approach or project that you want to do, and which may ultimately lead to 
your career being more rewarding. 
 
 
 A school laboratory report, especially a formal report, should be developed with 
those same goals in mind.  The abstract and conclusions should be concise and explicit.  
What was the point of the exercise?  Did the (prototype) circuit or system work?  Did it 
do what was expected?  Are there recommendations that should come from what was 
learned?  This is the kind of bottom line information the executive expects. 
 
 At the next level of detail, in the background, procedure, and results sections that 
make up the body of the report, is there enough detail to understand the principle of 
operation, how the circuit or system was built, what the conditions of the testing were, 
how results were obtained, and exactly what the results are?  You don't need to put in 
more detail than a competent professional would need.  For example, a good schematic 
will convey exactly how to build it, unless there are some additional details, such as the 
physical relationship of inductors to prevent coupling, or shielding necessary to 
minimize noise.  Too much detail can be insulting to the technically competent reader.  
Always ask yourself if someone could repeat the exercise and get the same results by 
following the procedures described in your report without talking to you about how you 
did it. 
 
 Be sure to use a professional style.  Use figure and table titles, numbers, and 
callouts.  Put peripheral details in appendices.  Be sure diagrams and figures and 
equations contain all the information necessary to follow the work or derivations step by 
step.  It's usually best to use third person, passive voice.  This makes it sound like the 
experiment or project did the work all by itself.  It removes "I" from the report.  That's a 
good thing.  In technical research, it should not matter who did the work; the results 
should be the same.  That's the essence of good science or good engineering.  You are 
not claiming a magic touch.  If it is a good report, and well done, people will notice who 
wrote it. 
 
 I hope this helps provide a bit of insight into why these laboratory reports are 
important, and how they relate to what you are likely to find yourself doing later in your 
professional journey. 
	
 
 The following two chapters describe how to go about writing a lab report.  
Chapter 2 focuses on the process: what to do first, then next, and so forth.  Chapter 3 
focuses instead on organization.  There is a fair amount of overlap.  For a simpler report, 
you could just follow the process in Chapter 2, and refer to Chapter 3 for a fuller 
explanation where necessary.  For a more complex report, it’s good to think long and 
hard about organization first.  Read both chapters.  The following chapters address style 
and other details of the report, including what to do if things don’t work.  Finally, there 
are several appendices that provide additional details, including example reports. 
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Chapter 2  The Process of Writing a Laboratory Report 
 

Sometimes the most difficult step in doing something is getting started.  That can 
certainly apply to Laboratory reports.  This chapter attempts to help the student by 
suggesting a step-by-step process for developing the laboratory report.  This allows 
focus on each particular step, rather than feeling faced by the immensity of the overall 
task all at once, a real Impediment to getting started. 

 
The material in this chapter is presented two different ways.  First, a flowchart is 

shown, as Figure 1, which shows the overall process.  In the rest of this chapter, the 
same material will be presented in a more detailed text form.  Reference will be made to 
other parts of this Manual which for particulars relevant to that stage of the process.  
Because of this step – by step description, sections of this chapter will be numbered for 
reference, since frequently it will be necessary to say, “Go to section x” rather than 
following with the next block of text in linear fashion, as with a normal text document. 

 
It is assumed that, as you read this, the laboratory itself is completed, the data is 

in hand, and you have done the calculations with the data that show what the laboratory 
exercise is intended to show.  You know whether things turned out as expected, and if 
not, you have done some debugging and investigating, perhaps even some extra 
simulation, to explain things.  All this ought to be completed either before you start to 
write.  However, very likely, as you write, new ideas may occur to you that will find their 
way into your report.  That is part of the value of the writing process.  The act of writing 
helps one think about what has happened and how to understand it. 

 
The approach taken here is basic.  You may have a laboratory exercise that will 

require variations and elaborations on what is described here.  Other chapters, Chapter 
2 on organization and Chapter 5 on what to do if things don’t work, address such issues. 

 
1. Basic Outline 
Construct a basic outline for the laboratory report.  This will depend on what kind of 
report you are writing.  An “Experiment” tests a hypothesis to see if it is true.  A 
“Characterization” seeks to measure and analyze some component or system.  A 
“Design Exercise” develops and tests some system.  Depending on which of these you 
are doing, a basic outline can be chosen from 1a, 1b, or 1c below in Table 2-1.  Make 
sure your outline complies with any reporting instructions from your instructor. 
 

Table 2-1  Basic Outlines 
 
1a. Experiment 
Abstract 
Introduction/Hypothesis 
Procedure 
Results 
Analysis 
Conclusion 
 

 
1b. Characterization 
Abstract 
Background 
Procedure 
Results 
Conclusion 
 
 

 
1c. Design Exercise 
Abstract 
Background/Specifications 
Design/Simulation 
Procedure 
Results 
Conclusion
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Figure 2-1  Laboratory Report Writing Process 
 
Chapter 3 on Organization describes the general contents of each of these sections, 
and the differences between the different kinds of reports.  Whether sections marked 
with a “/” should be one section or two will depend on the length and elaboration 
necessary.  For example, in an experiment, if the hypothesis to be tested can be 
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stated very simply, such as a simple formula predicted by theory, the hypothesis can 
be included in the Introduction (or Background).  If it is more elaborate or nuanced, 
and needs discussion, the hypothesis may need to be put in its own separate section.  
As shown in 1a above, an Experiment is given a separate Analysis section because it 
is usually necessary to do some data manipulation to see if the hypothesis is true, 
such as graphing the data and finding the goodness of fit to a relationship predicted 
by the hypothesis.  That may also be necessary for a Characterization and Design. 
 

2. Modified Outline (or skip ahead to 3.) 
Are there circumstances or particular features of the laboratory exercise that require 
modification of the basic outline?  For example, a two step design exercise, where a 
characterization must be done on a component before designing a system using it, 
would require a separate procedure and results for the characterization before the 
design, procedure, and results sections from outline 1c above.  A design that doesn’t 
work may require an analysis section after “Results” that determines what went 
wrong, and a “Recommendations” section after “Conclusions” that suggests what can 
be done to fix the design.  These possibilities are given in Table 2-2 below.  A Design 
Exercise is more likely to require such variations, but similar kinds of things can 
happen in an experiment or characterization too, though less often. 
 

Table 2-2  Modified Outlines for Special Circumstances 
 

2a Design with Characterization 
Abstract 
Background/Specifications 
Characterization of Component 
Results of Characterization 
Design 
Simulation 
Procedure 
Results 
Conclusion 

 
2b  Design with Debugging 
Abstract 
Background/Specifications 
Design 
Simulation 
Procedure 
Results 
Analysis 
Conclusion 
Recommendations

 
3. Write the Background (or Introduction) section. 

Notice that we do not start with the Abstract.  The Abstract is the last part of the 
report to write.  Whether you call the first section “Background” or “Introduction” 
may be prescribed by your instructor, or it may be a matter of choice.  “Introduction” 
describes what the exercise is all about – why it is being done.  “Background” 
furnishes information on the scientific or engineering issues or components, and 
may include introductory information.  In a lengthy report it may be appropriate to 
include both.  Either way, you need to start by explaining what the exercise is and 
what it is supposed to show.  For an Experiment, you must state the hypothesis and 
describe how you will know whether or not it will be found to be true.  In a 
characterization, you need to describe the parameters that you are trying to 
determine, and perhaps how they fit into the model of the device or component 
being characterized.  For a design exercise, you need to state the specifications for 
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the system you are designing.  What is it supposed to do, and what performance 
parameter values is it supposed to reach? 

 
Write in third person, passive voice.  Paragraphs should be relatively short and 

limited to one thought, usually defined in the first sentence.  Keep sentences as short 
as you can.  See Chapter 4, Style, for a further discussion of this.  You may need to 
include some figures for illustrating the system or its components.  Chapter 5 has 
some suggestions concerning figures.  The sections on schematics and other figures 
may be helpful.  Schematics, diagrams, and graphs are very helpful in conveying to 
the reader the nature of the system or device, and what it is expected to do.  Often 
specifications are best understood in a diagrammatic form, such as the bandpass for 
an amplifier, or the poles in a stability diagram for a control system. 

 
By the end of the Introduction/Background section, the reader should 

understand what the laboratory exercise is all about and what it is expected to show. 
 

4. Design (If not a Design Exercise, skip ahead to 5.) 
4.1  Design constraints 

At this point the reader should know what you are designing and what 
performance parameters you are trying to meet.  Specifications of design constraints, 
such as power supply Voltage, or limitations on components to be used, should be 
stated here if not given in Background.   You may be constrained to use a particular 
spring, for example, so its characteristics need to be stated.  Any further 
specifications and design constraints of this sort should be in a separate paragraph. 

 
4.2  System notional schematic / configuration 

Present a diagram of the system to be designed, showing its components and how 
they interact.  (In a complicated design exercise, there may be alternatives to be 
presented and discussed; we’ll assume a simpler case here.)  Usually the system is 
presented first, here, with notional values for components that must be selected.  For 
example, an amplifier may have resistors marked “RB” or “RC” but with no values 
attached.  Determining those values is part of the design process. 

 
4.3  System performance metrics and derivation 

The calculation of expected system performance given notional component 
values needs to be presented.  This can be done here or after choosing the 
component values.  Doing this first is usually better since component values are 
chosen to optimize (or satisfy) these formulas.  To use the amplifier example, a key 
performance parameter is Voltage gain, AV.  So, this is where you would show how 
that is calculated using a numbered equations: 

AV = gm (RC || RL)         (1) 
In like manner you might give the formula for the damping factor in a control 

system or final velocity for a railgun design.  The numbering is important, because 
after components are chosen, a calculation is made using this formula to give the 
performance predicted by theory.  In a complex case, you may need several 
paragraphs. 
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4.4  Component Selection 
This is a paragraph, or many paragraphs, where you step through the design 

process, describing how you chose the components for the design that you did.  How 
did you choose the resistor RC?  Or the diameter and length of your Stirling engine 
cylinder?  Or the mass of explosive to use for the gun?  Usually these choices derive 
in some manner from a design specification, such as the desired gain of the 
amplifier, the power to be delivered, or the projectile velocity.  For example, in the 
amplifier design problem: 

 
gm = IC/VT, where VT = .026V, and IC = (VCC-VC)/RC, where perhaps VCC was 

specified to be 12 Volts.  Choosing VC = 8 Volts, then calculation of values can be 
shown.  If the target AV is 50, and some suitable (and available) RC = 1.0 KW is 
chosen, then the calculation is made to show that the design meets the desired AV: 

 
AV = - gm (RC || RL) = (4.0 mA / .026 V) (1.0 KW || 1.0 KW) = - 77 
 
In some cases, component values will be derived directly from some circuit (or 

other system) parameters. Such as: 
 
RB2 = (VCC-VB) / (IB + IRB1) = (VCC-VB) / (IB + 10 IB)  
        = (12V-4.7V)/(.02mA+.2mA) 
        = 33.2 KW ( The nearest standard value, 33 KW, was chosen.) 
 
Since your design work was done before the laboratory exercise, and you are 

writing about it after the exercise, all of the design calculations have already been 
done, it’s just a matter of formally writing to describe what you did.  In some formal 
laboratory reports, some of these detailed design calculations may be relegated to an 
appendix, with only the most important given in the body of the report, such as 
calculation of the achieved Voltage gain for the amplifier example.  (The calculation 
of bias resistor values to achieve that collector current is secondary, and less 
important.) 

 
4.5  Final design and performance 

At the conclusion of this section, you should include a diagram or schematic of 
the system with all the component values filled in, that is, the completed design.  You 
should also have shown that, by theory, the design should achieve the specified 
performance.  Or, if it does not achieve the specified performance, you should 
explain why. 

 
5. Procedure 

This is the section in which you describe what was done in the laboratory.  If 
some design of the system or the experiment was necessary but relatively brief, it can 
be included in this section.  Otherwise, it belongs in an earlier design section. 

 
5.1  Exercise equipment configuration 

This is a paragraph describing how the laboratory equipment was used and 
configured for the exercise.  Describe the laboratory equipment.  Usually you must 
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give the make and model number, and perhaps even the serial number, for each 
piece of equipment that you use.  It may be necessary to also give specifications for 
the equipment, such as the accuracy or resolution of the instruments, the frequency 
limits of a meter, or the maximum Voltage that can be measured, if those are 
relevant.  If it is not obvious, describe how the instruments are connected to the 
system being measured or characterized.  Identify ground nodes, mechanical 
reference points, and other points of origin if they are not clear.  It may be required 
that you specify the date and time of the exercise, and the room number or facility in 
which the exercise was conducted.  Check your instructor’s requirements for the 
laboratory reports.  You should not normally have to give a step by step account of 
how the system under test was assembled.  Such details are not important, and are 
implied by the system diagram or schematic. 

 
5.2  Exercise Operation 

Describe how the exercise was conducted.  This includes instrument settings that 
vary, and measurements made.  There may be a lengthy sequence of different 
operations.  The extent of detail here will depend on circumstances.  It is important 
to describe anything you do that is not obvious.  Routine steps that result in what will 
later be a table of data do not need to be described in any detail.  Generally, each step 
that you describe here will correspond to a value or a table of data in the results 
section. 

 
6.  Results 

 This is the section where you give the data collected during the laboratory 
exercise, usually in a tabular form.  You must use text, describing what the data are 
(corresponding to the procedure steps) and calling out the tables for different data 
that are collected.  It’s important to use appropriate units and numbers of significant 
digits. 

 
6.1  The raw data (and simple calculations) 

The raw data as collected in the laboratory must be shown.  If there are 
calculations based on that data, they can be shown as well in the same table.  For 
example, if Voltage and Current are measured to find the Impedance, the table 
should show the calculated Impedance values as well.  If the laboratory exercise had 
several different sequences of measurements, this section should be subdivided 
accordingly. 

 
Often it is appropriate to present a graph of the data at this point in the results.  

Doing a good graph that communicates clearly is important.  See Chapter 5 materials 
on graphs for further information. 

 
If there were problems in collecting the data, or surprising conditions, or 

aberrant individual samples, it is appropriate to note that in the Results section, 
though perhaps with any involved discussion to come later. 
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6.2  Processed results (or Analysis section) 
If some elaboration or computation with the data is needed before reaching 

conclusions, it is appropriate here.  In some cases, particularly an experiment, it may 
be that this step should come in a separate Analysis section.  For example, 
conversion of separate Voltage, Current, and Phase measurements into a complex 
impedance would be a processing step.  Similarly, calculations for inferring pole and 
zero positions for an amplifier or control system would require computation or 
careful analysis of the observed data.  The point of processing the data and doing 
computations is to bring information to bear on the purpose of the exercise.  Is the 
hypothesis confirmed?  What are the key characteristics of the system?  Did the 
design meet its specified goals? 

 
If there are specifications or simulation results to which the experimental results 

from the laboratory can be compared, this is where that comparison should be done.  
For an amplifier, what were the predicted, simulated, and actual Voltage gains?  
What were the predicted, simulated, and actual high frequency cutoffs (fH) for the 
control system?  Use graphs to illustrate these key findings.  (If the frequency or 
some other parameter varies over multiple orders of magnitude, you should probably 
be using some form of logarithmic plot.) 

 
7.  Conclusions 

In a best-case laboratory report, the Conclusions section is short and sweet.  
Citing the goal to be demonstrated, and citing Results, the Conclusions describes 
how the results show that the goal of the laboratory has been achieved.  For an 
experiment, the hypothesis is demonstrated to be true (or false).  A component or 
system has been characterized and the results meet expectations.  A design has been 
implemented and assessed, and its performance both meets the specifications and is 
consistent with design (and simulation) expectations.  If the instructor requires that 
the outcome of the laboratory be witnessed, a statement should state the date and 
the name of the witness, usually the instructor. 

 
If the results are not consistent with the goals of the laboratory exercise, things 

are more complicated.  Chapter 6 discusses this situation at greater length.  Briefly, 
an explanation needs to be given.  That may mean adding another section to Results 
(and to procedure) describing what you did to try and find out what happened – your 
investigation into the problem.  If you only realized that you had a problem after the 
laboratory work was done, then you can’t go back and add to procedure and raw lab 
results, but you can do analysis, perhaps even some simulation or analytic modeling, 
that will shed light on the issue.  Your treatment could extend to posing several 
hypotheses about what went wrong and how you tested each, to arrive at either a 
conclusion or your best assessment of remaining possibilities.  Such an investigation 
probably deserves to be a separate Analysis section.  Ultimately your conclusion will 
be that the system did not produce the expected result, but you can give an 
explanation, or a number of possible explanations, with supporting analysis results.  
These can lead to adding a Recommendations section on how to correct the problem 
and perhaps how the problem might be avoided in the future. 
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8.  Back matter: 
Compile your acknowledgements – citations to individuals who helped you or 

contributed to your success, or from whom you borrowed information, techniques, 
or subsections of your design. 

 
The citations for referenced material must be included, using a format as 

specified by the instructor.  (Instructors are often very particular about this.)  There 
needs to be a citation in the text to each of these references at the point where the 
referenced material is used.  It is not enough just to put the source in this list.  
Include page numbers or equivalent information so that the reader can actually find 
each citation.  Citing a whole book without giving a page number doesn’t help the 
reader find the citation in the source. 

 
Assemble any appendices, things like manufacturer’s specification sheets, 

detailed design calculations that do not need to be in the report, details of simulation 
results that are not critical to the body of the report, and other less important 
materials.  Be sure each appendix has a callout in the text. 

 
9.  Front matter: 

Now that the report is essentially complete, it is time to write the Abstract.  The 
abstract is a summary of the entire report.  It needs to include a bit of background to 
explain what was done and what it was to show, enough procedure to explain the 
process, any particularly relevant piece of data that the reader may wonder about, 
and a summary of the conclusions.  An abstract should usually be between about 100 
to 200 words, with no figures, callouts, or citations.  It is not formally part of the 
report proper, so if you number sections, do NOT number the abstract.  Often an 
abstract is in bold type.  The abstract may be on the title page, on a page by itself, or 
before the opening Introduction or Background section.  Check any formatting 
requirements from the instructor. 

 
You may be required to include a title page.  If so, there will usually be a required 

format.  Follow it.  Usually a laboratory report is too short to need a table of 
contents.  If it has a table of contents, then follow report instructions with respect to 
format and page numbering. 

 
10.  Review: 

After writing a report, you should review it.  I find that it is better to review a 
printed copy, so it looks different from what you have been looking at on the 
computer screen.  That makes it easier to notice mistakes and fix them.  Look for 
miss-spelled words, run-on sentences, errors in font (W instead of W for example), or 
other things that may be confusing. 

 
If it is required or allowed, have your lab partner review the report and give 

feedback.  It’s often very helpful to have a different pair of eyes look at it.  Someone 
else will notice things that you, as the author, cannot.  Do this with enough time to 
act on the changes before you revise, reprint, and hand it in. 
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11.  Submit: 
You’re done!  Hopefully, you achieve a grade so high that making a resubmission 

of a revised report later, if allowed or required, will be unnecessary.  You want to 
make the entire laboratory report process as painless as possible, and having a first 
submission success achieves that, compared to having to reopen this particular 
exercise for further work. 

 
12.  Assess: 

Eventually you will get your laboratory report back with a grade on it.  At this 
point the role playing is not completely over.  In industry, a report may be bounced 
back to you if your boss or another reviewer does not consider it fully satisfactory.  In 
that case the immediate problem is to fix it and resubmit.  In the school context, you 
may also be given an opportunity to do the same.  Beyond that, you need to look at 
the report, and the corrections and observations marked, to see what went wrong 
and what can be improved next time.  Errors and mistakes are each an opportunity 
to learn.  The biggest mistake you can make is failure to learn from a mistake. 
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Chapter 3  Organization 
 

 The organization of a technical report, and a laboratory report in particular, 
should follow the principle: 
 
 1)  Tell them what you are going to tell them. 

 2)  Tell them. 

 3)  Tell them what you told them. 

 This isn’t a bad idea for other forms of communication as well, such as viewgraph 
presentations (such as those using PowerPoint or comparable media) and strictly oral 
presentations.  The point is that a short introduction is needed so that the reader will 
have a context of understanding and will be prepared for the body of the report.  Then, 
after it is all over, the paper is reviewed in summary form, so that the reader will again 
return to an overview and carry away the most important conclusions. 
 
 For a laboratory report or similar technical communication, additional 
organization is needed for the middle “Tell them” part, which makes up the bulk of the 
report.  There are different ways to do this, depending on the nature of the report.  The 
report outline given below is offered as a guide that will probably be useful most of the 
time.  Variations on it will be discussed later.  (The “style” of the report, including issues 
of whether and how to number sections, is a somewhat different issue addressed later.) 
 
 Typical report sections are: 
 
1)  Abstract:   
This is where you “Tell them what you are going to tell them.”  The abstract allows a 
potential reader to briefly find out what the report is about, and decide whether he will 
spend the time reading the rest of it.  It compactly describes the whole report, and must 
state what the report is about, the nature the work described (the design, analysis, or 
experiment), what was found out in general terms, and the most important conclusions 
or recommendations.  If the work was unsuccessful, the writer owes it to the reader to 
state that fact here up front as part of summarizing the conclusions.  An abstract should 
have no footnotes, no figures, and no equations.  Those appear in the body of the report.  
Abstracts should typically be on the order of 100 words.  Importantly, the Abstract is not 
really part of the report proper; it stands alone, and may be published without the rest of 
the report.  It is usually best to write the abstract last. 
 
2)  Background:  This is where the report lets the reader know anything that should be 
known in order to understand what the report is about and what it should demonstrate.  
Since the abstract is not really part of the report, you need to “Tell them what you are 
going to tell them” again here.  The Background section sets the reader up for the rest of 
the report.  In a laboratory report, doing this in detail is occasionally unnecessary, 
because the theory or principles are so simple that they do not need a whole section; 
they can be slipped into the beginning of the Procedures section.  For example, if the 
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purpose is to demonstrate Ohm’s Law, then that can be done with one sentence and an 
equation.  If the background simply explains why the laboratory report is being done, 
then “Purpose” makes a better heading.  On the other hand, if the report is an analysis of 
a complex circuit, the Background section needs to describe what the issue is (why the 
analysis is being done), what the piece of equipment is supposed to do, why it doesn’t or 
might not, and review the theory of operation and the particulars of the system that may 
need to be examined with particular care.  In such cases, the Background section may 
need to be split into separate sections for these different purposes.  If the report is a 
design exercise, the specifications for the system may be put in the background section, 
or possibly a separate “Specifications” section.  At the end of the Background section, 
the reader should know the purpose of the exercise being reported, and the general 
method used in the exercise and report, in considerable detail. 
 

Within the Background section, illustrations and graphs (called “Figures”) and 
tabular data, “Tables,” and equations are formally used where appropriate for conveying 
details that are best expressed in those forms rather than text.  Depending on the degree 
of formality of the report, equations may be embedded in the text, or given in a more 
formal numbered format.  Additional details that a reader might not need or want to see 
should be called out and put in an appendix at the end of the report.  The Background or 
Purpose section can be as brief as a few sentences to a few pages.  If it needs to be longer 
than a few pages, it should be subdivided.  If the entire report is more than a score of 
pages, a chapter format might need to be considered.  (See the Division of Engineering 
and Physics Thesis Guide.)  For such a document, each “section” described here typically 
becomes a chapter.  The introductory chapter should end with text outlining the 
remainder of the document, describing how those chapters will bring the reader to the 
conclusion. 
 
3)  Procedure:  This is where the report tells the reader how the project was done.  The 
most important principle here is that the Procedure needs to convey all of the details 
necessary for someone to repeat the analysis, design, or experiment.  If the reader does 
repeat the experiment and might get different results, additional details, such as the 
make and model of equipment used, if those might affect the results, are needed as well. 
 

For example, measurements made with laboratory grade Voltmeters typically 
have a 10 Meg Ohm input impedance, but less expensive meters such as the Digital 
Multimeters (DMMs) in the student kits typically have only 1 Meg Ohm impedance.  
Inexpensive analog meters may have an impedance in the tens of K Ohms.  If the 
Voltage being measured has a 1 Meg Ohm source impedance, the laboratory grade meter 
will have an error of around 5%, the inexpensive DMM will be off by 50%, and the 
analog meter is hopeless.  In such a case, the reader needs to know what kind of meter 
you used, and maybe the range setting on the meter.  (Give manufacturer and model 
number.  If you think someone might need to identify a defective unit, or in critical 
work, also give the serial number.) 

 
On the other hand, there is a lot that you do not have to include.  It typically does 

not matter in what order components are assembled to make a circuit.  So, don’t go into 
those details; simply tell the reader that the circuit shown in a particular figure was 
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constructed.  In schematics, include the details that matter.  For example, if a 100 Ohm 
resistor is used that is typically dissipating 10 mWatts or less, you don’t really need to 
specify that you used a ¼ Watt resistor (the cheapest and easiest kind to use).  But if 
that component must dissipate ½ Watt, you need to specify the power rating of the 
resistor, so that someone attempting to duplicate your work does not make the mistake 
of using too small a component, and thus getting different results.  Typically, it is not 
necessary to specify manufacturer or lot or serial number and such for common circuit 
components; part number or ratings are sufficient.  However, in critical work in industry 
those details may well be necessary.  Likewise, it is usually unimportant how you might 
have physically arranged the components on a solderless breadboard.  But, for high 
frequency work, and in reports where there is a mechanical component, including such 
details is usually necessary.  To repeat, the guiding principle is that what the reader 
needs to know to be able to duplicate the work is reported. 

 
One thing you generally want to avoid in the Procedure section is a description or 

reference directly to results.  So, instead of writing “The results were obtained as shown 
in Table 3,” or such, simply say that results were recorded, for example “Peak Voltage 
and phase were recorded for each of the frequencies in the range 20 Hz to 20 KHz.”  The 
problem here is that, if you mention Table 3, that table needs to come immediately after 
the callout paragraph.  But, you don’t want it here; you want it in Results.  So, avoid the 
explicit callout. 

 
This issue can actually be tricky, since for some circuits or systems it is necessary 

to make measurements in order to select or adjust components.  Selecting components 
is a design step, and rightly belongs in “Procedure.”  Thus, you need to include in 
Procedure any measurements needed for design.  In like manner, making 
measurements in order to calibrate a circuit, such as by setting a potentiometer so that a 
meter gives full scale deflection, is also part of Procedure, and the measurements and 
settings made also need to be in this section.  One solution to this problem is to 
distinguish “Design” from “Procedure”, and have a separate “Design” section before 
“Procedure,” in which you describe design steps.  This might include even 
measurements conducted in the laboratory.  In that case, you may need to have a 
separate design development, design laboratory procedure, and analysis and 
conclusions subsections related only to the design steps. 

 
As with the Background section, you should formally call out figures and tables as 

necessary, and use explicit equations either informally or in formal numbered style 
depending on the requirements of the report.  Additional details, for example pictures of 
the apparatus, mechanical layouts for circuits, detailed parameters for components, and 
like material, that is not necessary to understand the procedure, but may be of interest 
in some cases, should be in an appendix. 

 
See the separate material in this manual on schematics in Appendix D for more 

information on how such figures should be drawn and presented. 
 

4)  Results:  This is where you provide the reader with a record of the data recorded in 
the course of doing your analysis, testing a design, or in the course of conducting an 
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experiment.  Generally, the results need to include all of your raw data: all of the 
numbers you actually recorded in the laboratory.  (If the raw data is too bulky, it should 
go in an appendix called out early in this section.)  Results also includes information 
calculated from the raw data.  For example, the raw data might be the mechanical 
position of a mass recorded against a measuring stick attached to the apparatus.  Once 
the steady state position is known, the positions can then be referenced to the steady 
state position, which would be processed data for position.  Often it is appropriate to put 
both in the same table. 

 
You must have text.  A common error in formal reports is to simply throw into 

the “Results” section all of the tables of data with no text.  But in a formal report, 
everything starts with text.  For every table or figure there must be a “callout”.  A 
“callout” is where you refer the reader to a particular figure or table, with the figures and 
tables numbered starting with Figure 1 and Table 1, up to as many figures and tables as 
there are in the report.  (In a thesis or book which is organized into chapters, figures and 
tables are often numbered as a separate series within each chapter, such as “Table 2-3” 
which would be the third table in Chapter 2.  That is done in this manual.  However, in 
an ordinary laboratory report this is inappropriate. 
 

The actual table or figure must immediately follow the callout, typically after the 
paragraph in which the callout occurs.  You are not to simply collect them and put them 
all at the end.  Sometimes a figure can be put in the middle of a paragraph, especially if 
it would otherwise get pushed onto the next page.  Figures or tables that take up a whole 
page should go on the next free page.  Never split a table over more than one page where 
the top with all the labeling is on one page and some of the table is on another.  If a table 
takes up more than a whole page, continue it to another page, but repeat the labeling, 
including the title (with “continued” or some such indicator that this is not a new table). 

 
 Usually results need to be presented in a tabular form.  Tables are usually 
compiled in Excel and copied into Word, but sometimes they may be prepared directly 
in Word.  Whether they are boxed or open is a matter of style preference and necessity.  
The larger and more complex the table, the more likely you should provide a grid or 
matrix for the values.  Table numbers and titles are at the top of the table, unlike for 
figures, where they are at the bottom. 
 

Often it is useful, or even required, to present the data in both tabular and 
graphical form.  Graphs are figures.  Like other figures, the figure number and title are 
to be underneath the figure.  In slideshow presentations, that is not the case; titles are 
typically at the top.  Beware; Excel will want to put them at the top!  Preparing good 
figures, especially graphs, is a complex and important topic, dealt with later in separate 
material within this document.  See Chapter 5 for those details. 

 
Tables and figures should be carefully explicit in identifying the quantities that 

are measured.  A symbol used in a table, for example, “Vo,” should match exactly the 
same symbol as it might appear on the schematic and in the text.  In the text, there 
should be an explanation of what the symbol or recorded values stand for, if it is not 
completely obvious.  Appropriate units should be used.  Most often, the units for a given 
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column are given at the top of the column.  All of the entries in the column should 
usually have the same format and number of significant digits.  The exception is where 
there is a wide dynamic range.  For example, a frequency might vary from 10 Hz to 10 
MHz.  In such a case, the units should usually be in the column with the numbers.  (Note 
that units derived from a person’s name are capitalized: Volts, Amperes, Ohms, Hertz, 
and so on, while those which are not are not capitalized: seconds, meters, cycles, etc.) 

 
It is very important in tables of data to use an appropriate number of significant 

figures, and in some cases, perhaps explicitly designate the degree of uncertainty of the 
results.  For example, in informal conversation one might refer to a resistor as having 
the value “1K.”  However, in a formal written report, there is a significant difference 
between 1 K, 1.0 K, and 1.00 K Ohms.  The use of one significant digit, “1 K,” implicitly 
suggests that the actual value might be as large as 1.4 K Ohms, and maybe as small as 
700 Ohms.  The actual labeling of the resistors we typically use, having a “tolerance” of 
5%, would be “1.0 K” for this part, which means the actual value could be as large as 1.05 
K Ohms, or as small as 950 Ohms.  If the resistor was actually 1.1 K, it would have 
different labeling.  When you record a value of 1.00 K Ohms, you are implying that the 
value is good to within a percent or so.  Notice that one significant digit of “1” implies a 
lot more uncertainty in a percentage sense than one significant digit of “9.”  So, if your 
range of numerical values goes from about 6.0 to 20.0, you should probably use two 
significant digits at the bottom of the range and three at the top. 

 
Using significant digits to imply the degree of uncertainty is an informal method 

sufficient for most formal laboratory reports in an undergraduate engineering academic 
setting, but in critical or scientific work it is often necessary to be explicit in giving the 
degree of uncertainty, especially for observations made, such as 1.20 Volts +/- .02 Volts.  
For some data having a wide dynamic range it may be more appropriate to give 
uncertainty in units of percent (of the reading, unless stated otherwise) rather than 
units. 

 
Remember that the purpose of the Results section is to let the reader know what 

data you recorded, with the idea that if there is a repeat of the procedure, the data 
recorded should give results that are comparable to yours. 

 
Within the results section it is also usually appropriate to perform computation 

on the data necessary to put it into a more meaningful form.  Often this is included in 
the same table as the raw data.  For example, two columns in the table might record the 
Voltage and current for a particular setting, but the actual value of interest is the ratio of 
voltage to current: the impedance.  The text that calls out the table or figure should 
describe how any such calculations are made, giving equations if appropriate. 

 
By the end of the Results section, if the data are supposed to form a pattern such 

as a linear or logarithmic or exponential relationship, the reader should be able to easily 
discern that relationship from the tables and graphs provided.  That means that the 
format of tables, and especially of graphs, need to be appropriate to the data.  If what 
you are showing is a linear relationship, then you should use linear or log-log plots, 
depending on whether your data has a small or large dynamic range.  If it is logarithmic 
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or exponential, you need to use a semi-log graph so that the relationship forms an easily 
discerned line.  Usually the form for presenting the data and derived values should be 
fairly obvious, given the purpose of the exercise on which you are reporting.  In some 
cases, especially where unusual results occur, you may have to use some imagination.  
For example, at the extremes of a range of data, results might deviate from the expected 
semi-log relationship.  You might be able to use a linear plot for that part of the data, to 
show that for the extreme cases the relationship approaches linear instead of log. 

 
Occasionally it is appropriate to describe the degree to which the results fit the 

expectations.  Whether this is done as part of the Results section or part of a separate 
Observations section is a matter for judgment.  If the results are unusual or need 
discussion, the latter is probably best.  If the fit is good and results expected, then a terse 
mention of the measure of goodness of fit can be put in Results.  Generally, when you do 
a fit to a linear or exponential curve using Excel or MATLAB, the fit goodness is 
provided.  (It is best not to leave it on the graph; put it in the text.) 

 
5)  Conclusions: 
 This is where you wrap up the report.  Often for a simple report this can just be 
one paragraph that describes the results in qualitative terms, and says that the results 
were what was expected.  If the report includes a design that was demonstrated, the 
conclusions should state that the demonstration was successful (or not), and that it was 
witnessed on a particular date by a given individual with oversight responsibility, 
typically the instructor for a lab report.  It is this conclusion that, in much more compact 
form, is included in the abstract.   
 

If a numerical comparison is needed, a summary table is appropriate.  For 
example, in a design exercise there is typically a specification of what the design is 
supposed to do, the performance expected from the design, perhaps simulation results, 
and laboratory results.  The reader is expecting a comparison of these numbers in the 
conclusions section, and particularly a comment on whether the design meets the 
specifications. 
 
 However, there are complications that might require a much more extensive 
Conclusions section, or even separate sections for “Observations,” “Conclusions,” And 
“Recommendations.” 
 

When results are not what were expected, you owe the reader an explanation.  In 
any profession, forthrightness is a requirement.  If something did not work as expected, 
you should not try to hide it.  That is dishonest, and in industry will cause greater 
expense (and probably your job) when the problem becomes apparent.  Managers need 
to know if there is a problem, so that they can allocate resources to do something about 
it, or alert their superiors, in a timely manner.  These issues are discussed in Chapter 5. 

 
You will need a separate Observations section if explaining unexpected results 

gets fairly involved.  Usually you need to suggest very explicitly why the results were 
different than theory or previous similar exercises would have suggested.  (Vague 
references to tolerance of components or inaccuracies of equipment are not satisfactory; 
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be explicit.)  Sometimes it is necessary to repeat the procedure with a modification 
necessary to correct some problem.  In such a case, the original results would be 
relegated to an appendix, cited from the Procedure, Observations or Conclusions 
section, and the revised data now used in the Results section of the report proper.  If 
resources (time and effort) are not available to correct bad results, the corrections 
needed (and the cost, if appropriate) need to be detailed.  It may be appropriate to 
include a separate section on diagnosis and fault detection (debugging) if that required 
an involved or innovative procedure worthy of inclusion in the report. 

 
 If the purpose of a report is to recommend some course of action to a decision 
maker, typically an executive with budget authority, there should be a separate 
“Recommendations” section.  This is where you say how the results of your work should 
affect the decision, typically of what technical approach to take, product to buy, or 
whether to change the way some procedure is done.  (In industry, you would detail the 
cost.)  In the typical laboratory report, this might be appropriate if you want to 
recommend a change in the equipment or instructions governing the laboratory 
exercise.  The recommendations section should clearly tie the recommendations made 
to the conclusions and results of the report. 
 
6)  Acknowledgements:  Often this is not needed in a school laboratory report.  This 
is the section where you credit those people whose work you have utilized, or who 
provided unusual help.  This is extremely important in a business setting; it is where you 
give credit to those who have helped you.  It is part of professional courtesy.  If your 
report is good and brings credit to you, some of that credit reflects on the people you 
mention here.  (If your report is a piece of trash, it may actually hurt the people you list 
here, so be careful!)  It is also where you give credit to any organization which provided 
the funding for the project, of which the report is a product. 
 
7)  References:  This is where you list references, with sufficient specificity that the 
reader can actually find them.  This is especially important for any sort of web reference.  
See the Little, Brown Handbook for additional information.  Often you may need to 
include a manufacturer’s data sheet in a report.  You may include appropriate excerpts 
in an appendix, but in that case, you also need to give your source.  You should not just 
point the reader at an entire book or web site, but include the specifics such as page 
number so that a reader can reasonably expect to find the material cited. 
 

For laboratory reports, you often will not need references.  The laboratory 
exercise instructions typically can be referred to explicitly in the Procedure or 
Background section rather than being part of a reference list.  You don’t need to include 
references for common knowledge in the technical community, such as Ohm’s Law, that 
can be easily found in appropriate textbooks.  You don’t have to cite manufacturer’s 
literature for most common parts that you may use; a technically astute reader can find 
such materials without needing a citation.  If you find or use an unusual part or piece of 
equipment, you might want to include a reference to further information about it.  That 
usually is not the case in undergraduate laboratory exercises. 
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Occasionally, deviations from the above organization is needed.  One such case is 
when there are two or more separate parts of the lab exercise that are done in sequence.  
In such a case, there are two choices: 

 
1)  Have a separate section for each part, in which subsections describe procedure 

and results and possibly observations, or 
 
2)  There is one Procedure section with subsections for each part, then a Results 

section with subsections for each part. 
 
Your choice will depend on circumstances.  For EE283, the second approach is 

currently required.  For other courses, there may be flexibility.  I usually find the first 
approach better.  If in doubt, consult any explicit reporting directions for the exercise, or 
in the course syllabus, or other applicable materials.  If that fails to make the 
requirement clear, ask the instructor. 

 
Laboratory reports actually report on several different kinds of exercises, some of 

which will require a bit different treatment.  These might be classified as: 
 
1)  Experiment:  An experiment is the test of a hypothesis.  In science classes, 

where the most typical object of a laboratory exercise is to confirm the operation of 
some scientific principle, an experiment is most often what is done.  The hypothesis may 
be that Ohm’s Law (V=IR) is true, or that mechanical Friction is linear with velocity 
(typically it isn’t!).  The hypothesis to be tested needs to be stated in the Background or 
even in its own section prior to Procedure.  The laboratory exercise then is a test of the 
hypothesis, the Results section collects the data, and the Conclusion is that the 
hypothesis is confirmed (as expected for V=IR and “resistor” components) or denied (as 
for V=IR for diodes, and for mechanical friction under most circumstances).  
Experiments are so pervasive in science classes that students may begin to believe that 
any laboratory exercise is an experiment.  That is not the case.  Ask yourself, “What is 
the hypothesis?”  If you can’t identify one, it probably should not be called an 
experiment. 

 
2)  Characterization:  This is an exercise where the purpose is to determine 

some parameter or parameters associated with a component, often with a goal of 
comparing actual performance in the laboratory with theory, or with the manufacturer’s 
specifications.  This is a common type of laboratory exercise in early undergraduate 
engineering experience.  For example, in EE283 the students compare the Voltage 
versus current characteristics of resistors, capacitors, and inductors to the relationships 
described by theory.  The point is to determine whether the results match what theory or 
the given characteristics would lead one to expect.  Usually the “correct” answer is “Yes!”  
If you get results that do not match theory, you have probably done something wrong.  
You need to explain why the results do not match expectations.  You could call a 
Characterization exercise an Experiment if you state a hypothesis that the component 
matches a specification or a behavior predicted by theory. 
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3)  Analysis:  An Analysis is an expansion on the idea of a Characterization.  But 
what is sought is a deeper understanding of the system.  In this kind of exercise, the 
student is presented with a system, perhaps a circuit, and the point of the exercise is to 
describe what the system does in useful and quantitative terms.  The procedure and 
background sections need to include a description of the metrics and analytical method 
to be used to assess the performance of the system.  A measurement and analysis 
strategy needs to be designed.  Often test circuits are needed, such as a circuit to 
stimulate the system or to provide a load.  In a case like this, the expected performance 
of the system may or may not be known.  It may be appropriate for the student to model 
the system, perhaps using MATLAB, PSpice, or some other software, to assess what is 
expected of the system, based on its design or specifications.  If so, the reporting on that 
model and its performance could constitute a separate section, typically after 
Background but before Procedure.  So, in general, the report organization above should 
suffice, with appropriate modifications as described. 

 
4)  Design:  In this kind of exercise, the student performs the design of a system, 

then characterizes its performance and compares it to what might be expected based on 
the design specifications and theory and modeling.  The degree to which design is open 
can vary widely.  For example, in common emitter amplifier design, usually the circuit 
topology is given, and the student merely has to select appropriate values for 
components.  On the other hand, other design exercises are open ended, with the 
student allowed broad leeway in choosing the design approach. 

 
Either way, the report needs to include documentation of the design process.  If it 

is simply a matter of calculating component values, the design procedure might be 
appropriate to include in an appendix called out by the Procedure section.  On the other 
hand, an open-ended design should probably be given a complete “Design” section for 
the design approach, and possibly two sections if there is a preliminary design step of 
defining the specifications for the design.  Note that in the case of a design laboratory 
exercise, the schematics and other documentation must be more rigorous, in that they 
specify more particularly how the system was built, sufficient so that someone could 
build that system the same way.  In schematics, that means including details such as pin 
numbers, device numbers, and power supply details such as bypass capacitor usage and 
location.  Often the design process includes analysis of the design, as described for an 
analysis report, using modeling or hand calculations, prior to actual system 
construction.  Such analysis, if it is sufficiently involved, may be put in its own section. 

 
The procedure section, then, would describe how the system was tested, and its 

functioning verified, and its performance measured.  In that sense, it becomes similar to 
the Analysis project above.  The results section shows the extent to which the system 
performs as expected, and the conclusions may include recommendations concerning 
other approaches for solving the problem: was this approach or design better than the 
alternatives?  In some cases, students might try more than one design (using 
simulation) prior to reaching a decision, in which case the alternatives should be 
discussed, and perhaps all of the details put in an appendix. 
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In a design exercise, the Conclusions section should have some kind of 
comparison between specifications, expected performance based on the design, 
simulated performance for the design if available, and laboratory performance.  This 
comparison is best presented in a table.  If many characteristics need to be compared, 
the details of this table and comparison could be put near the end of the Results section 
and just the most important results cited in the Conclusions. 

 
Design oriented laboratory exercises are typically much more open ended, and 

consequently will need more flexibility in the organization of the report.  Usually, unless 
instructions dictate otherwise, you should feel free to use judgment in the organization.  
The point is to communicate clearly, and that considerations should take priority. 

 
Table of Contents, Lists of Figures, Tables, Index and Title page: 
 Do you really need these things in a lab report?  The general answer should be 
“No.”  They should be included only if they will be useful.  But a laboratory report is 
generally so short that there’s no point in tables of contents, figures, and tables.  The 
only times I have seen these in lab reports is when the student is trying to make the 
report seem more substantive than it really is.  An index won’t be worthwhile either. 
 
 A title page is another story.  Some laboratory report instructions require a title 
page, and often specify a particular format.  Occasionally the title page must be signed 
by the student submitting the report, indicating it is that student’s own work.  (That 
should be implied anyway; it’s unlikely a fellow student will submit a report on your 
behalf, and any work in your report that is not yours should be properly attributed.)  A 
title page does serve one practical function: it allows the ugly red marks on the returned 
lab report’s first page to remain hidden as the lab reports are distributed, saving the 
student from unneeded embarrassment.  Check the requirements for your particular 
course. 
 
Overall Structure: 
 The overall laboratory report seemingly has a linear structure.  One word follows 
another, with punctuation and formatting effects as appropriate, from the first word to 
the last.  If a laboratory report was to be done entirely with text with no tables, figures or 
appendices, that would be exactly the case.  This structure is common in works of 
fiction, where words convey the entirety of the story. 

 
The actual structure of a laboratory report is more tree-like.  Think of that linear 

text that starts with the title of your report and ends with the period completing your 
last section as the trunk of a tree.  Anything else in your report must be attached to the 
trunk, the text of your report.  Those attachment points are called “Callouts”.  If 
something is there but there is no callout for it, a reader strictly following the text will 
never see it; its purpose is lost.  The branch falls to the ground at the first windstorm.  
So, for every table or figure, yes, even those embedded in the text, a callout within the 
text is necessary.  This is also the case for an appendix.  A callout at an appropriate place 
in the text calls the reader’s attention to the fact that additional information, generally 
stuff that isn’t critical to understanding the report, is located in an appendix.  When the 
sheer mass of information being presented is so bulky that it distracts the reader from 
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the central message of the report, that bulk ought to go into an appendix instead.  (There 
are some forms of formal writing, such as military operation orders, where the body of 
the document is miniscule, and the vast bulk of the document is the appendices, 
attachments, and annexes.) 

 
Educational Objectives: 
 Sometimes laboratory exercise instructions specify what the student is supposed 
to learn by conducting and reporting on the laboratory exercise.  It is a matter of policy 
for a particular course whether these matters are to be addressed at all in the laboratory 
report.  (In my courses, I don’t want any of this; it gets in the way of the “role playing” 
where the student is focused on the technical material.)  If your instructor wants 
educational objectives addressed in your report, then in your background section you 
will need to state these.  In your conclusions section, you will need to address whether 
you learned what you were supposed to.  If instructions concerning lab reports are 
ambiguous on this point, you should ask. 
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Chapter 4  Report Writing Style 
 

Style defined 
The term “style” in this chapter refers to the manner of English usage appropriate 

for a laboratory report.  There is also the issue of document style and layout: how best to 
merge the written text with images and navigational aids to make a more presentable 
medium, especially for web documents and presentations.  That would extend to choices 
for margins, how text might wrap around figures, and font and size issues, which are on 
the boundary of the topics addressed in this chapter.  Here, the subject is restricted to 
technical English usage and those elements of physical and document style that are 
compelling for reason of clarity. 
 

Style is a matter of the language being adapted to the medium.  For example, text 
messaging has a style adapted to a medium where symbols, the keystrokes of the 
message, are expensive.  They must be keyed in using limited means more constrained 
than a normal keyboard.  Yet, the messages themselves are reliably communicated, so 
there does not have to be the degree of redundancy needed in verbal speech.  As a 
contrasting example, military radio speech has its own distinctive style adapted to the 
bandwidth constraints as well as high noise.  Instead of “Where are you?” or “Whr R U”, 
the query would be phrased, “Interrogative your position.”  These contrasting styles use 
numerous acronyms and other symbols that must be learned as a way of overcoming 
bandwidth and time limitations. 

 
Laboratory Report Writing and the Issue of Clarity 

Laboratory reports follow a more conventional style that might be called “Formal 
Technical Writing.”  The bandwidth is not nearly so constrained as either text messaging 
or military radio, and the medium conveys the information reliably; the words are not 
likely to disappear from the page.  The key issue is the reliable communication of 
difficult to understand concepts.  Thus, it is important that words be used with 
precision.  Any stylistic embellishments that might be evocative, but which might cause 
confusion, need to be avoided.  In comparison to other English styles, technical writing 
seems dull.  That is deliberate; clarity is the most important attribute. 

 
It is too common in technical reports that the writer knows and understands 

what he is writing about, but is unable to clearly transfer that knowledge to the reader.  
Several issues can cause this problem.  One of those is a matter of writing style.  For 
example, although occasionally awkward, several short sentences rather than one longer 
sentence is desirable because specific facts are not intermingled.  Similarly, a very long 
paragraph can cause confusion. 

 
Another problem leading to lack of clarity is the use of technical terms.  An 

example is the multiple uses of the word “tolerance”.  That same word is used for the 
linear tolerance for a mechanical surface roughness, as well as geometric tolerance for 
dimensions.  The latter meaning of the word “tolerance” is related but, in practice, is 
very different.  For example, edge surface roughness is nearly impossible to describe 
without a special note that uses words.  Geometric tolerances are clear from a well 
understood symbol on a drawing, eliminating any question regarding exactly what is 
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being described.  Using the right word correctly is essential for the reader to understand 
what the writer intends. 
 
Conveying Information in a way Sensitive to the Culture 

Styles also exist in a social context.  The context for technical writing is typically 
institutional, meaning that such communications exist in a corporate, academic, or 
government institutional framework and culture.  The writer of a report generally has a 
business relationship of some sort with the readers of the report, perhaps a subordinate, 
a proposal writer seeking business, or a vendor seeking customers.  So, the writing must 
not only convey the technical message, but also is intended to convey to the reader a 
message that the writer (and his organization) is technically competent, understands the 
technology and the reader’s problems, and is worthy of trust.  In contrast to styles in 
other media and cultures, such as music lyrics and sports trash talk, the writer is 
generally not trying to puff himself up or brag.  That would be offensive and 
counterproductive within an institutional culture, especially a government culture.  
Usually a report writer must assume that the reader is of a more senior or client status, 
so it is important to be seen as unassuming, and not pushy. 

 
Writing for your Audience 

Ultimately, get to know the social structure and the expectations of peers and 
superiors in your context, and be attentive to these in your writing.  In traditional 
writing, this would be called writing to the target audience.  There may be unusual 
customs and usage tied to tradition or personalities that defy the normal rules.  For 
example, as a matter of custom and tradition, the first entry of the year in the deck log of 
a U.S. naval vessel, perhaps one of the most turgid forms of technical writing, must be 
written in verse.  Learn the rules of the environment you are in. 

From here down, the assumptions will be that the writing is in a technical 
context, either the institutional context typical of business and government, or the 
academic context of laboratory reports intended to prepare students for those real-world 
jobs.  The following sections offer specific advice concerning aspects of English style and 
some related formatting elements. 

 
Person, Tense, and Voice 

Laboratory reports should generally use past tense, third person, passive voice.  
The report writer is first person, “I” or “We.”  A report written in first person would say, 
“We measured the Voltage at the output node for each frequency.”  It is typical for 
students to write in first person, because it is the most direct.  First person is more 
dynamic and immediate.  It is also consistent with what most English teachers instruct.  
Why would it not be appropriate for a technical report?  The answer is that it calls 
attention to the writer.  By placing the subject first, it tends to emphasize that it is the 
writer who did all of these things.  But the nature of scientific inquiry, and technical 
discourse in general, is to emphasize that it is the facts and the techniques, and the 
measurements themselves, not the writer, that are most important.  It should not matter 
who did the work reported.  To use first person comes across like bragging: “Look what I 
did!  Others probably could not have done anything nearly so clever.”  Now, think about 
how well such a tone would go over in an institutional context.  Some senior technical 
assistant to the boss is reading it, thinking, “Who does this guy think he is?  I’ll fix him!” 
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So, if you are not going to write in first person, what should you do?  Second 
person, “you,” is the reader.  You are writing in second person if you write, “You will find 
the details of the calculations in appendix B.”  A special form of second person is the 
imperative, which is a command to the reader.  “See Figure 3,” is a common example 
which is often encountered, and may be overlooked as inoffensive.  But in general, you 
should avoid imperatives. 
 

Students occasionally mistakenly use imperatives in the Procedure section, 
repeating instructions that were given to them in the laboratory exercise directions.  
Again, consider the institutional context.  An imperative is the writer giving an order to 
the reader.  In an institutional setting, imperatives are often used, but generally in 
things called “directives” or “policies.”   Those are documents written by a more senior 
manager as orders to subordinates.  For a technical report writer, generally a junior 
person, to use imperatives is presumptuous.  A reader is likely to think, “Why does this 
idiot think he can give orders to me?”  The reader will typically assume:  
 
1)  That the writer was lazy and simply copied materials (probably without quotes or 
other attribution) from the instructions or some other source, or 
 
2)  The writer is not competent in English technical communication, and therefore 
should not be trusted to generate technical reports that matter, or 
 
3)  The writer thinks he is more important than he really is. 
 

None of these are good. 

So, if you are to avoid both first person and second person, that leaves third 
person, “He”, “She,” “It,” and “They.”  But, if you use active voice and third person, you 
have to refer to yourself in the third person: “John Smith measured the Voltage at the 
output node for each frequency.”  This is just as bad as first person, and in addition, 
comes across as somewhat pompous. 
 

The solution to all of these problems is to use third person, but in the passive 
voice.  “The Voltage was measured at the output node for each frequency.”  Nothing is 
said about who made the measurements.  The reader is going to assume that it is the 
writer (or someone in his employ) who made the measurements, unless the report says 
otherwise.  That’s exactly the tone that fits best in the institutional setting. 
 

In laboratory reports you are making a report on something that has happened in 
the past.  So, you should use past tense.  Occasionally you may see reports use future 
tense in reference to the process of reading the report, such as “You will find the details 
of the calculations in Appendix B.”  This form uses both second person and future tense.  
In such cases, it is better to avoid second person and use present tense, “The details of 
the calculations may be found in Appendix B.”  Anything about what was done, 
recorded, or concluded should be in past tense.  Keep in mind that the time frame is in 
reference to the reader of the report. 
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You have probably thought to yourself, by this point, that the author of this 
manual is not following his own instructions.  That is true.  This manual is written 
largely in first person and second person, not third person passive voice.  It is littered 
with imperatives.  This is a matter of emphasis.  It also helps make the material a bit 
more personal and active, the kinds of things English teachers tell you to strive for.  It 
also reflects that this manual is intended to have a role more like the institutional 
directive than the institutional report.  That is, you are expected to comply with its 
provisions!  Or, at least, keep its suggestions in mind as useful guidance. 
 

You may also be noticing that the style of this chapter is not consistent with that 
of other parts of this manual.  That is because much of this manual is less formal, and 
intended to be more easily readable, than a typical technical report.  It also has to do 
with the origin of the separate parts of this overall document.  So, as you approach your 
writing task, think explicitly about the style you use to convey your message.  It needs to 
be different for different purposes. 

 
Technical precision 

As a writer reporting technical matters in a professional context, it is very 
important to use the jargon of the culture correctly.  Failure to do so identifies the writer 
as being incompetent, and unable to communicate clearly.  To give an example from 
another context, if someone asks at a football game, “How many runs were cashed?” 
what would you think?  “Do ‘runs’ mean touchdowns scored on the ground?  Or maybe 
‘points?’  ‘Runs’ is baseball.  Why is this person using ‘cashed’ instead of ‘scored?’  He 
obviously doesn’t know the right terminology and usage of football.” 
 

The same issues apply to technical writing.  This manual is too limited to address 
this topic comprehensively.  An important part of all of your science and engineering 
courses is to learn how to use the terminology correctly.  That means understanding the 
underlying principles behind the terms.  If your writing does not correctly use technical 
terms, it suggests that you do not understand the basic concepts associated with those 
technical terms, and thus calls into question your competence. 
 

Since many of the courses to which this manual applies are electrical, some 
common usage problems in reports on electrical circuits will be described.  First, it is 
important to understand the difference between Voltage and Current.  Voltage is 
analogous to force and pressure.  Current is a flow, of electrons in the opposite direction 
of what we call “current.”  So, the usage of “Voltage” and “Current” need to reflect these 
attributes.  You cannot properly refer to the Voltage through a resistor, for example.  
The preposition matters.  The word “through” implies movement, a flow, which would 
apply to current, but never to Voltage.  If you really are talking about Voltage, you need 
to use the preposition “across.”  “The Voltage across the resistor was measured,” is the 
proper usage. 
 

It is common to refer to Voltage across a component or between two nodes.  But, 
it is also proper to refer to Voltage “at a node” as well.  “The Voltage at the anode was 5.2 
Volts.”  In such cases, the Voltage is assumed to be that between the node and the 
reference, or ground, node.  If you are going to refer to the Voltage at a particular point, 
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or node, in a circuit, you must make sure that the reader knows what the reference, or 
ground, node is.  It should be clearly marked in the schematic.  Similarly, in the 
mechanical domain, giving the position of a mass is meaningless unless the reference 
zero point is known.  Similarly, is pressure absolute or in reference to ambient pressure? 
 

Voltage, at least DC Voltage, carries a sign.  Be sure that you do not neglect to 
include the sign.  Often the ground node in a circuit is the most negative, so the Voltages 
of other nodes are positive or zero.  This is not always the case.  Op-amp circuits, for 
example, usually use a negative power supply, so nodes can have either positive or 
negative Voltages.  For AC, negative Voltages are used to refer to phase with respect to 
some reference signal, usually the source of power.  Thus, household 240 Volt AC power 
can be referred to as a supply of +120V and -120V AC.  Remember that unless otherwise 
specified, AC Voltages are assumed to be root mean square (r.m.s.) values.  If you want 
your reader to understand that an AC Voltage is peak or peak to peak, you need to be 
specific and say so.  Indeed, whenever an AC Voltage is given, this annotation should be 
included in the units. 

 
Sometimes two terms seem to be synonyms, but have important technical 

distinctions.  Be aware that just because units may seem to be the same, the meaning is 
not.  For example, when AC Voltage is multiplied by AC Current, units can be cancelled 
to produce “Watts”, a unit of power.  But, the correct term is “Volt-Amperes” to avoid 
confusion with the power being delivered.  If the phase difference between Voltage and 
Current is 90 degrees (for sinusoids), the power delivered is zero!  This kind of 
distinction is important when analyzing electric utility power system distribution losses.  
Does (V2)/R describe line loss or does I2R?  Both are defined to be power!  However, 
only I2R tells the utility how much power is lost in distribution. 

 
In the Mechanical domain, there is often confusion over the usage of the terms 

“force” and “load”, for example, the force or load on a beam.  “Force” is the term most 
directly derived from physics, and is well defined, and has well defined units.  The idea 
of a “load” is more specific to engineering; the mechanism or structure has some 
purpose that requires that it bear or support a “load” which is generally a force, but 
could possibly be defined as a pressure, a mass to be supported, or some other form 
related to force.  For example, a bridge may need to support a load defined by a certain 
number of typical tractor trailer trucks or rail locomotives.  When should one use one 
term or the other?  One suggested approach is to use “load” when speaking generally, in 
terms of function, but use “force” where giving specifics, such as a particular force 
having a value and units attached.  You should aim for consistency in your usage. 
 

Remember that the most important attribute of technical writing is clarity.  
Endeavor to be precise with your use of words.  Doing so will convey your message 
clearly and give a good impression. 
	
Units 

In engineering work, almost every number is associated with some appropriate 
unit: Volts, Amperes, Watts, seconds, pounds, grams, or some other unit derived from 
physics.  You must always include units when you give numbers.  Even “unitless” 
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numbers, such as the gain of an amplifier, the ratio of Voltage out to Voltage in, usually 
have implied units which cancel, in this case Volts per Volt.  It is often helpful to the 
reader to include the units in such cases.  Wherever numbers are used, give the units.  
When you show calculations, keep the units with the numbers throughout, doing unit 
cancellations as appropriate. 
 

Use the standard abbreviations for units, including the prefixes that indicate 
decimal shifts, such as m,	µ, K, M etc.  Note that this means using the “Symbol” font in 
order to get the “µ” which is the equivalent of the normal text “m”.  If you actually spell 
out “micro”, but use the other abbreviations, you are telling the reader that you are not 
competent in using word processing to render the Greek character.  Use these scaling 
prefixes so that you can avoid large exponents, scientific notation, and lots of zeros 
before or after a decimal.  Only really enormous or tiny numbers, like Avogadro’s 
number, or the charge of the electron, should need scientific notation. 
 

(Watch out if you ever make a massive font change to your document.  Anything 
you did to insert a special symbol using the “Symbol” font will be wiped out.  A ”W” will 
be changed to “W” for example, and “µ” to “m”, changing the meaning entirely.) 
 

One particular problem to beware of concerns the term “mil”.  Students 
sometimes mistakenly use the term “mil” for millimeter, rather than as one-thousandth 
of an inch.  This is especially confusing if a system or document uses a mix of both 
Imperial / English and metric units.  For example, the electronic circuit packaging 
industry developed mainly in the United States used English units.  As Asia increased its 
presence in the industry, metric units have become standardized (almost).  It is not 
unusual to find a legacy 100 mil (inches) spacing defined on a data sheet or print, with 
all other dimensions being metric.  Also, beware that sometimes “mil” is used to mean 
“milli-radian.”  This is particularly true in terminology concerning weapons and aiming. 
 

Use appropriate prefixes so that you can use the number of digits to imply 
precision.  Thus, “1000 Ohms” leaves ambiguous how many significant digits there are.  
The round zeros imply that it is probably less than four; could the value be exactly 1000 
Ohms and not, say, 1001 Ohms?  The reader cannot tell, but will guess that there are 
fewer than four significant digits.  If, instead, you use “1.00 K W” or “1003 W,” the matter 
is clear; there are three or four significant digits respectively.  In the latter case, 1.003 K 
W would have been preferred.  (It is better to use “W” than spell out “Ohms.”) 

	
	 Note that some unit choices are, by custom, not used.  For example, Capacitor 
values are normally given in	µF (microFarads) or pF but not mF or nF.  A capacitor of 
10-9 Farads would be .001	µF or 1000 pF, not 1 nF.  Use of nF or mF might not suggest 
incompetence, but does suggest that the writer is not experienced, or attuned to the 
older traditions of the discipline.  In this case, the reasons go back to an age before word 
processors and computers and unit standardizations, when the abbreviation “mfd” was 
used for µF and “mmfd” (micro – micro Farads) for pF.  Those were the only units 
commonly used then for capacitors, and that’s largely still true.  If you place an order for 
capacitors, you find values given in µF and pF, but not nF.  The symbol “µ” was 



	 33	

unavailable on a normal typewriter.  Increasingly, I see technical literature that violates 
this idea, primarily from foreign sources with less experience with practice than is 
assumed for competent engineers in the U.S.  (Farad sized capacitors were almost 
unimaginable in earlier times; very large capacitors might be up to 120, 000 µF.  Now, 
specifications in Farads are becoming more common, but less than Farad values are 
usually in thousands of µF, not mF.)  You will sometimes see the lower case “u” used as 
a substitute for the Greek µ for “micro.”  That’s common in computer design tools.  
However, in a report, use µ. 
 

Another problem that is found in the field of engineering is tradition trumping 
the usual protocol in some field of the discipline.  For example, it is rare, but not 
unusual, to find the symbol “m” used to define one-thousand, instead of the symbol “k”.  
This is most commonly found in agriculture, but some other industries also follow this 
tradition. 
 
 Use appropriate units not just in the text, but also in tables and graphs. 
	
Fonts, Size, Spacing and such: 
 Some reports are required to follow very particular guidelines for font, size, 
spacing, margins, capitalization, headings, and so forth.  This is true of such things as 
conference proceedings.  Often the organizers of a conference will promulgate with the 
call for papers a style guide and an MS Word template document to use in preparing the 
paper.  The same may be true for other formal communications such as proposals 
submitted in the business world.  For laboratory reports, there may be requirements for 
some of these particulars and not others.  If specifics are not dictated, consider the 
following: 
 
1.  Fonts 

Choose a “normal” font like “Times,” which is unobtrusive, easy to read, and 
relatively common.  The “Georgia” and “Verdana” fonts are both fonts designed to be 
highly readable on computer monitors.  They have become standard fonts on most 
computers.  This document, through this chapter, is in “Georgia.”  Some material is in 
“Times” or “Times	New	Roman” which are somewhat older and more traditional for 
printed reports.  Which looks better?  It may depend on whether you are looking at a 
computer screen or paper.  If you happen to choose an unusual font for an electronically 
delivered document (an increasingly common situation), and the recipient does not 
have your font, a substitution will be made, that may cause havoc with your spacing, 
tables, pagination, and other details, besides possibly being very ugly.  Avoid bizarre 
fonts that look like handwriting or Old English. 
 

One particular consideration is the spacing of characters, especially when 
constructing tables.  Some fonts like “Times” have equal spacing for numbers, but not 
letters.  So, if you are including a hexadecimal listing (where characters “A” to “F”, or “a” 
to “f”, stand for the numbers 10 to 15), your digits in numbers won’t come out evenly 
spaced.  Special fonts are normally used for this case, including “Verdana,” and 
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“Monaco.”  Sometimes a font used for this purpose looks ugly for normal text, and 
certainly takes up much more space. 
 
2.  Size 

You should choose a size that is convenient for reading without requiring special 
optical equipment, like a magnifying glass.  This document uses Times (in later chapters) 
at 12 point, which is as small as I normally go, but Times 10 point (or its equivalent) is 
commonly used in journals and conference proceedings, for the obvious reason of 
allowing more to be compressed into a given number of pages.  Times is smaller than 
most fonts for a given point size, so with some other font going to size 10 would cause 
less eye strain.  Don’t make your font too large, either, since that can make your report 
resemble children’s literature.  A laboratory report in a large and peculiar font, double 
spaced, conveys the impression that the student is doing everything imaginable to make 
the report look bulkier than it really is.  Think about your choices of font and size 
together.  Some fonts look good for small print but are ugly for large print, and some 
fonts that look good when large are unreadable in small sizes. 
 
2.  Spacing 

If you have license within your report writing guidelines, you can choose single, 1 
½, or double spacing for your text.  In school work where an instructor is going to be 
making marks, or in early drafts in business where a supervisor or editor will be doing 
the same, it is a matter of courtesy to provide more space between lines for such 
purpose.  On the other hand, in a final document, single spacing is the norm, to avoid 
the waste of pages and paper.  There is also the issue of how to space between 
paragraphs, around headings, and around figures and tables.  Extra space here and 
there can be helpful in making figures and tables fall where you want them to.  In a 
relatively short document like a laboratory report, you can manipulate your choice of 
spacing policy to enhance the overall document.  Try to avoid a final page with just a few 
lines, by manipulating figure and table placement, paragraph organization, and other 
aspects of your paper’s organization.  Also, make a point of avoiding having a section 
heading with no following text at the bottom of a page. 
 
3.  Margins and Pages 

You should normally provide margins of at least one inch on all sides (exclusive 
of the page numbering and any other header or footer information).  If your report is to 
be bound into a book, leave extra space toward the binding.  For school work and other 
circumstances where you are expecting there to be marking or editing, larger margins 
are helpful, and you should print one sided.  Final reports in some cases, and books, 
should be two sided. 
 
4.  Color 

You should avoid the use of color if at all possible, unless there is a very 
compelling reason.  In industry, a report will often be “published” on paper: copies will 
be made and circulated.  Usually the technique used is conventional printing 
(lithography) or xerography.  In both, there is a high premium for rendering the 
document in color, multiplying cost by a factor much larger than two typically, even if 
most of the document is still monochrome (black on white, possibly with grey shades).  
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If your original document includes colors, but is reproduced inexpensively using such 
equipment, the color information will be lost.  Color objects may come out light and 
unreadable, or even missing entirely.  So, you should develop the habit of thinking about 
how to make documents look good in monochrome.  Even grey scale images often 
render poorly when copied or printed. 
 

However, perhaps my view on this is becoming dated.  Professional technical 
writer Russel Stolins has written, “I can’t think of a circumstance in which traditional 
printing would be used any longer to publish lab reports.  It’s going to be done via 
normal or color laser printer.  Even many books (including many of mine) these days 
are published via high capacity digital laser printers rather than via offset printing.”  
And, concerning the added cost of color printing and duplication, “True, at present. 
However, affordable color laser printers are gradually shifting this truth.” 
 

Now, color printing is getting less expensive, and some documents are published 
primarily on the computer where they will be viewed using color monitors, about the 
only kind people have now.  So, the color issues described above are not going to be as 
important in the future.  But even where documents are viewed in color on screen, they 
are often printed in monochrome, and you should be sure they will look good in that 
form.  Be especially wary of color on color; such writing often disappears into a black 
blob when copied in a conventional copier.  Keep in mind that colors will look different 
on paper than they do on the screen when you do feel compelled to use color. 
 

The use of color in reports can be tricky.  Many people, given the availability and 
license to use color, tend to over-use it.  Usually color should be used sparingly, and for 
things where it is truly important or necessary.  Don’t use it simply because you can.  
Don’t use it just because by default Excel gives you colored graphs.  Take the time to use 
monochrome unless there is good reason not to. 
 
Summary: 

There is a lot that has not been addressed here.  For other issues, refer to example 
reports of the sort you are writing, examples of articles in technical journals, the usage 
of terms in textbooks, and other respected sources in your technical field.  Remember 
that clarity and precision in your writing is paramount.  Avoid ambiguity.  Try not to do 
anything that your intended reader will find annoying. 
  



	 36	

 



	 37	

Chapter 5  The Details 
 
 This chapter is intended to address the detailed contents of a laboratory report.  
The intent is to give guiding principles and brief examples of good usage, rather than 
comprehensive details.  This chapter is supplemented with several appendices that do 
provide additional details and examples for those interested in them.  For much of what 
this chapter addresses, other resources for particular software tools or situations can be 
found.  This manual will not attempt to replace those resources.  The student should 
have a copy of Wilkes University’s official writing guide, the Little, Brown Handook  (H. 
Ramsey Fowler and Jane E. Aaron, Little, Brown Handbook, 12th ed, Longman, 2011).  
Use it.  Online help or supplemental manuals can be found for most general purpose 
software tools, such as Microsoft Word or Excel, or more specialized tools such as 
MATLAB, AUTOCAD, and ORCAD/PSpice.  This Manual does not attempt to be a 
tutorial on any of those software tools. 
 
Sentences and English Usage: 
 As mentioned earlier, the entire formal report is built around the flow of text, 
with callouts pointing to additional material in other forms such as figures, equations, 
tables, and appendices.  The basic unit of text is a sentence.  Construction of good 
sentences is a matter of general English usage, conditioned by the style needs of the 
document, as described earlier in Chapter 4.  Most of the normal rules of English usage 
apply to laboratory reports.  A few basic points of emphasis are given below.  These are 
things that often give students trouble. 
 

1. Keep sentences short and concise.  Do not use a compound sentence unless there 
is good reason.  A sentence should convey one thought.  If a sentence extends 
more than two lines, examine it carefully to see whether it can be broken up. 
 

2. Third person, passive voice, is preferred to first person in describing the 
procedure, for reasons discussed in Chapter 4, the Style chapter, earlier.  But the 
use of “first person” is better in describing things like how the system works, that 
is, when the subject is not the person writing or conducting the exercise.  For 
example, “The power supply provided 5 Volts for the collector terminal,” is 
preferred to, “The collector terminal was provided 5 Volts by the power supply.” 
 

3. Think carefully about the prepositions you use.  A preposition is the English 
language expression of the relationship of one part of a system to another.  If the 
preposition is wrong, your system may not be understandable. 
 

4. Be careful with pronouns, especially in long or compound sentences.  When you 
see the pronoun “it” in a sentence, for example, there should be no ambiguity in 
what that pronoun refers to.  If there are several component nouns mentioned 
earlier, and “it” might be understood as referring to the wrong one, the reader 
will become very confused.  In that case, you need to simplify the sentence, or 
replace the pronoun with the appropriate noun, or both. 
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5. Use articles.  When a noun is singular, the article “a” or “the” is usually needed, 
especially for the subject of a sentence.  This is particularly an issue for non-
native English speakers whose native language does not include an equivalent 
construct.  Briefly, “the” is used when the item is a particular one under 
consideration, for example, “The first digit of the display.”  “A” is used when the 
item is indefinite, such as “A transistor was tested and used in the common base 
amplifier….”  Here, “A” conveys that the choice was arbitrary, it wasn’t a 
particular or special transistor that was chosen.  In the next sentence “The” might 
be used to refer to this particular transistor, that was chosen in the process 
described in the preceding sentence.  Plural nouns also need “the” as an article 
when a particular collection of objects are referred to collectively, for example, 
“The resistors used were of 5% tolerance.”  (Without the “The,” the collection is 
indefinite; some group of resistors was measured, not necessarily the ones of 
interest.  That does not fit with the verb “used,” creating some confusion and a 
perception of error.) 

 
6. Use commas.  There are rules for comma use.  Modern English has drifted toward 

less frequent use of commas in places where use was once traditional.  However, 
in a long sentence, commas are essential for organizing the sentence, by 
delimiting the different clauses.  Failure to adequately use commas leads to 
confusion. 

 
7. Numbers agreement:  When a singular subject is used, a singular form of the verb 

must be chosen to match, and the same requirement to match is true for plurals.  
For example, “The beam was put under load.”  There is one particular beam 
(singular) that “was put” (singular verb) into a loaded condition.  Or, “The 
resistors were measured.”  Here “The” is used, because it is a collective set 
(singular) of particular resistors.  But the resistors were individually measured, so 
for purposes of “numbers agreement” with the verb, “resistors” and “were” are 
both plural.  English can get pretty tricky sometimes. 

 
Appendix A contains a number of examples of problematic sentences, their 

issues, and suggested corrections.  If you struggle with English usage issues, and many 
students do, these examples may be helpful. 

 
Paragraphs: 
 The biggest problem students have with paragraphs is making them too long.  A 
paragraph should contain sentences that revolve around a central idea.  Usually the first 
sentence contains the key point, and the remaining sentences elaborate on that thought, 
perhaps with a summary sentence at the end.  If a paragraph goes more than several 
sentences, more than likely the train of thought has drifted away from the initial point.  
That’s an indication that a new paragraph is needed. 
 

As an example, in the Procedure section of a laboratory report, an initial 
paragraph might detail the test equipment and system configuration: what items are 
used and how are they connected and arranged.  If the individual items of test 
equipment, that need to be identified by make and model (and perhaps serial number), 



	 39	

are numerous, it may make sense to extract that information and put it in a separate 
paragraph, or even in a table. 

 
When the topic under discussion drifts from configuration to how that equipment 

is used to conduct the laboratory exercise, a new paragraph would be called for, unless 
the earlier material is very brief.  Similarly, when discussion moves on to how the data 
was measured or recorded, a new paragraph is also likely to be needed. 

 
The key principle is that the reader needs to keep all of the material in a 

paragraph in mind at one time, and exits with the central thought which was supported 
by the detailed information in the paragraph.  If the paragraph gets too long, it’s not 
possible to remember everything, or the mental model that the paragraph is expecting 
the reader to construct collapses.  The result is confusion and loss of focus by the reader. 

 
In the “Procedure” example above, the paragraph describing the details of the 

exercise configuration leaves the reader understanding the nature of the system and its 
test context.  He does not need to remember model numbers or calibration issues.  The 
paragraph that says what is done with that test configuration leaves the reader with the 
idea of what kind of data is produced, and he does not need to remember all of the 
details of how the system was operated.  He can go back to that by re-reading that 
paragraph if necessary.  That sets the reader up to focus on the data.  The end of each 
paragraph releases the reader from the burden of those details just considered, freeing 
the mind for the next subject to be discussed. 

 
Equations and Calculations: 
 Equations show mathematical relationships that are important to the report.  
Equations are most often given in the Background section where supporting theory is 
given, in Design or Procedure sections where the rationale for the experimental design is 
set forth, or in Results where data is processed.  The most important equations should 
normally be numbered in a formal report, as in the case below, which gives the equation 
for the Fourier series.  (This is a “canned” equation from Word 2016.) 
 

𝑓 𝑥 = 𝑎% + 𝑎' cos
'+,
-
+ 𝑏' sin

'+,
-

1

'23
     (1) 

 
In the text that immediately follows the equation (or perhaps precedes it) an 

explanation needs to be given for all of the symbols used in the equation.  For this 
example, n is the harmonic number of the sinusoidal component, an and bn are the 
coefficients that define the magnitude and phase of the harmonic, and L is a constant 
that defines the relationship to wavelength and fundamental frequency. 

 
Word 2016 (and other versions supporting the .docx format) include equation 

support.  (If you have to save the document in other forms, such as .doc or .rtf, you may 
lose the equations.)  If you must do equations without word processing equation 
support, one option is to construct the equation as an image that is pasted in as a 
graphic.  Another option is to use a text convention for rendering an equation borrowing 
from computer programming, using “*” for multiplication, “^” for exponents, and such.  
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That is undesirable and may be explicitly prohibited for particular courses.  A hybrid 
text convention using normal word processing tools to the extent possible would render 
the above equation as: 

 

f(x) = a0 + Sn=1
¥ (an cos(npx/L) + bn sin(npx/L))    (2) 

 
This isn’t as nice looking, but may well be acceptable, and does get properly 

rendered in earlier document formats. 
 
Note that the equation is indented, and the equation number is given right 

justified.  Equations may be called out, but they do not have to be.  The purpose of an 
equation number is to allow reference to the equation later in the text.  If an equation is 
not numbered, it cannot be so referenced.  See specific guidelines for your course and 
any prescribed format if applicable. 

 
In addition to equations, in some reports it is desirable to show calculations.  For 

example, the following equation may be used to find the gain of an amplifier: 
 

𝐴𝑣 = 𝑔𝑚	(𝑅𝐿	||𝑅𝐶)         (3) 
 
In a Design section, a student may need to show how this equation was used to 

calculate Voltage gain for his specific design: 
 
Av = 𝑔𝑚	(𝑅𝐿	| 𝑅𝐶 =	38.5 mS (1.0KW || 1.0KW) = 38.5 mS (.50 KW) = 19.3 V/V 
 
In this case, what is shown isn’t really an “equation” in the general sense, but a 

calculation done using an equation.  Such a calculation is not normally numbered.  
Notice that units need to be given with each number, and carried throughout the 
calculation, with cancellations taking place appropriately.  This calculation is done on 
one line but more complex ones will need multiple lines, typically one for each step. 

 
The number of significant digits carried should be reasonable.  For example, in 

the last step the final value would come out on a calculator as 19.25, but since earlier 
values had only two or three digits, showing four significant digits is excessive.  Simply 
“19 V/V” would also be acceptable.  The actual value of Av is unitless, in that units of mS 
and KW, when multiplied, cancel.  Volts per Volt is still retained to help convey the 
meaning of Av, “Voltage gain”: the ratio of Voltage output to Voltage input. 

 
In equation 3 above and in the subsequent calculation, the symbol “||” is used for 

“in parallel with.”  This symbol is informal, as a compact way of expressing the 
reciprocal of a sum of reciprocals.  It certainly simplifies the expression.  However, such 
symbols, and this one in particular, may not be allowed in formal reports by some 
instructors or formats.  If you are in doubt about whether this or another less formal 
mathematical symbol can be used, check your report format guide or with the 
instructor. 
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Graphs: 
 Of the different kinds of figures used in laboratory reports, graphs are both the 
most common and the most prescribed.  There are definite right and wrong things to do 
in graphs, more so than for other types of figures.  Furthermore, there are well 
established terms used to refer to the different parts of a graph, and you should be 
familiar with that nomenclature in order to use software tools such as Excel effectively. 
 

Graphs come from two kinds of sources.  One is a spreadsheet program (I’m 
assuming Excel for purposes of this manual).  The spreadsheet is used to tabulate and 
then graph the data, or to graph calculated results derived from the data.  Doing a good 
graph depends on the student using the software tool, Excel, properly, to get a 
satisfactory image prior to pasting it into a word processing program.  (Here we assume 
Word is being used.)  The details of doing that are addressed in Appendix B.  In this 
chapter the focus is on what the end product, the graph pasted into the report as a 
figure, should look like.  However, a good graph generally needs to be preceded by a 
properly formatted table containing the data from which the graph is derived.  Table 5-1 
below gives an example, and is the table of data graphed later in this section. 

 
Table 5-1  Capacitor Voltage and Current 

Time 
(s) 

Voltage 
(V) 

Current 
(mA) 

0.00 0.00 0.100 
0.10 1.97 0.061 
0.20 3.16 0.037 
0.30 3.88 0.022 
0.40 4.32 0.013 
0.50 4.59 0.008 
0.70 4.85 0.003 
0.90 4.94 0.001 

 
Several things should be noted about this table: 
1.  The title is above the table.  (Figure titles are below the figures.) 
2. The sequence number for the tables is separate from figure sequence. 
3. Columns identify the quantity measured and give units. 
4. The number of significant digits is used to show precision (not necessarily 

indicative of accuracy).  That is why time is “0.10” etc. rather than “.1”. 
5. The table and its title are centered.  (The table elements are right justified.) 
6. There is some space between the title and the preceding text, and below too. 
 
An example graph from the preceding table (in Excel) is shown as Figure 5-1 

below. 
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Figure 5-1  Graph of Capacitor Voltage and Current versus Time. 

 
Some things to note about this figure are: 

1. The figure number and title are below the figure. 
2. The figure number and title are in the same size and font as the text. 
3. The figure and its title are centered. 
4. The title just says what the figure is.  It does not include text describing or 

making notes about the figure.  Such notes or remarks belong in the text. 
5. There is no box surrounding the whole figure.  There is not a separate title 

above the figure.  (Excel will be default give you both.)  Some laboratory 
instructors or formats do allow the figure to be boxed. 

6. The axes are labeled, and indicate the units.  In this case, with two 
quantities being graphed having very different unit quantities, a secondary 
axis (on the right) with labels is needed. 

7. The numbers and labels are easily readable, being slightly smaller than the 
text in size. 

8. The different points and trend lines connecting them are monochrome, 
not color.  Different line styles are used to distinguish them. 

9. Tick marks are used for both axes, but in this case minor tick marks are 
shown only for the horizontal axis. 

10. Grid lines are used for both axes.  In this case, reasonably closely spaced 
major grid lines suffice.  For some figures minor grid lines may be needed 
as well.  That is particularly true for logarithmic charts on which judging 
the value of a point is more difficult.  (See the remarks below concerning 
whether vertical grid lines are needed.) 

11. The “legend” (identifying which line is which) is needed because there are 
two sets of points.  It is placed in an out of the way spot on the graph, 
where it doesn’t waste space, but also doesn’t interfere with reading the 
graph. 
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12. The color black (not grey!) is used for all of the lines and labels except the 
grid lines, which are a distinguishable darker shade of grey.  (Don’t accept 
the Excel defaults of light grey!)  The background color is white.  (Not 
grey!) 

 
This one example graph doesn’t address all of the possibilities that may occur in 

laboratory reports, but the basic principles remain the same.  Use high contrast, label 
things clearly, and in general put a premium on clarity. 

 
An interesting issue is whether vertical grid lines are needed.  If the numbers for 

the horizontal (independent variable) dimension are known, because they were chosen 
as part of the procedure, vertical lines may not be needed.  That could be the case here.  
Horizontal grid lines are almost always needed in order to read the values of the 
dependent variables, which are usually the experimental results.  However, for some 
plots, both the horizontal and vertical plots are arbitrary, and you need both sets of grid 
lines.  If you start off your plot as an “X-Y Scatter chart”, you probably need both sets.  
You will also need vertical grid lines if the graph is used to find the horizontal coordinate 
where some feature is found, such as the low frequency cut-off of an amplifier or filter. 

 
The second source of graphs is from applications that generate graphs as an 

analytic product, such as MATLAB, PSpice, or LTSpice.  In these cases the data source 
isn’t a table, it’s the result of a simulation run or some other analysis method.  Often, as 
with Excel, the defaults result in unsatisfactory figures when pasted into Word.  The key 
to getting better graphs is to use the graphic features of the program to make the graph 
as close to what you want as possible before capturing it for transfer to your document.  
Appendix C, “Transporting Figures”, describes how to get decent figures from MATLAB, 
PSpice, and some other sources.  (Appendix E looks at cases where things went wrong.) 

 
In most programs that are the source of figures for transport, you can choose font 

sizes, the grid line and axis settings (such as linear or log, axis crossings, and scale), and 
how the data is presented (color, marker format, line style and such).  In MATLAB there 
are many labeling and formatting options that you need to take advantage of either in 
MATLAB code (before the graph is generated) or in prettying it up later in the graph 
editor.  The following Figure 5-2 is an example of such a graph, this one from LTSpice.  
(This one needed later editing in a graphics program to reach the appearance shown 
before pasting it into Word.) 
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Figure 5-2: Bode Plot for original bias point 

 
A few points about this figure (which is borrowed from Appendix E) are made: 
1. The principles for graphs described earlier apply here as well.  The difference 

is that coming out of some other application you don’t have as much control 
as you do coming from Excel. 

2. In this particular case, the raw graph did not include the grid lines or axis 
titles.  Those needed to be added later after the image was copied from 
LTSpice (via screen capture) using a graphics program.  (The most readily 
available graphics program is “Paint”, a Microsoft Windows accessory 
application.  PowerPoint can also be used this way.) 

3. In this case the “zero” value on the vertical axis is NOT at the bottom, yet, 
usually (as here) the best place to put the axis and labels is at the bottom. 

4. In this case annotations were added for the -3dB point and -90 degree point.  
Such annotations are particularly useful where finding such a point is one of 
the most important functions of the graph. 
 
Additional information on porting figures is given in Appendix C. 
 

Occasionally you may find it necessary to use “Three Dimensional” graphs.  These 
are difficult to adequately present because the paper surface is inherently flat, as is a 
computer monitor that may be used for viewing the graphic.  In such cases, basic 
principles remain: clear labeling, readable lettering, and an emphasis on helping the 
reader focus on what is important.  In three dimensional graphs, choices such as how to 
use wire mesh, shading, or color, are complex and very dependent on the particulars of 
the graph and the nature of the report.  No adequate treatment of this topic can be given 
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in this manual.  However, it is often helpful to include supplementary graphs which are 
two dimensional cross sections or cuts through the 3D image.  Those would follow the 
principles outlined above. 
 
Schematics: 
 A schematic is a diagram the represents a physical reality but in a simplified form 
intended to convey the most important aspects of the system being portrayed.  It is 
conceptually intermediate between graphs, which portray abstract mathematical 
relationships, and photographs or drawings of systems, which show the physical reality 
but without necessarily making clear what is going on.  Schematics are used for 
electrical, mechanical, fluid, pneumatic, and even software systems.  Each of these has 
its own history, symbols, and conventions.  In this chapter, only the more universal 
concepts and principles will be addressed.  Further discussion and examples may be 
found in Appendix D, a schematic guide for electronic circuits, and Appendix F, which 
looks at schematics with problems.  Simple examples from the electrical and mechanical 
domain will be presented here to illustrate some of the more important principles. 
 
 A key idea in a schematic is that the drawing is organized around what is most 
important.  If the system is processing a signal, then the signal flow is the primary axis, 
left to right, with components disposed in the order that the signal reaches them.  
Likewise, if a force or motion is being portrayed, a left to right orientation is generally 
used, although in a mechanical system alignment equivalent to the physical relationship 
may be chosen.  In an electrical system, the physical placement of the real components 
is generally ignored; it is the signal path that is all important. 
 
 A schematic shows the relationships among system components.  Usually these 
are lines representing physical connections, such as wires, pipes, belts or rods.  
Components may be at nodes or along arcs of the diagram.  Each domain has symbols 
for the various sorts of components appropriate to the discipline, and it is important to 
use the appropriate symbols.  Likewise, it is also important to label components to 
identify them as a unique item within the system, and to give any quantitative 
information that characterizes them.  Often the latter is in the form of a “part type 
number” that a reader can use to refer to other sources giving the component 
specifications. 
 

An example of an electrical schematic is shown below in Figure 5-3.  Signal flow 
goes left to right, from source VS through to Vout on the right.  The two terminal 
components (resistors, capacitors, and Voltage source) occur along the arcs representing 
wire connections.  Transistor components occur at nodes where three wires come 
together.  This schematic is notional: component values are not yet specified.  That is 
appropriate in a design exercise for showing the circuit topology prior to the calculation 
of component values.  The components are identified with each having a unique symbol, 
RS, CE, etc.  Those labels need to be consistent with the symbols used in the text, for 
example, the equations used for calculating the component values.  Inevitably, some 
wires will have to cross others.  It important that the reader be able to distinguish 
whether there is a connection or not.  Here, the convention of showing a “dot” at 
connecting intersections is followed.  There are other conventions.  Generally, the 
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schematic topology should be as simple as possible.  For example, instead of having a 
wire connecting all of the ground connections (as here), the use of separate ground 
symbols de-emphasizes ground and would reduce clutter.  The same can be done for 
power.  There is a convention that positive supply Voltages are at the top and ground at 
the bottom.  The actual arrangements of these components in the physical circuit may 
look very different; the schematic is not trying to address physical relationships. 
 

	
Figure 5-3:  Cascaded Common Base and Common Collector Amplifiers 

 
Figure 5-4 shows a mechanical schematic of a simple system.  Notice the common 

elements with the electrical schematic.  There is a “ground”: a reference frame that is the 
unmoving context in which mechanical position measurements are made.  Arcs in the 
form of lines show mechanical connections.  Symbols are used for a spring and a 
resistive/friction element, a damper.  The components are each uniquely labeled.  
Interestingly, the “input” or forcing function is shown on the right rather than the left.  
(I’ve seen that done both ways.)  The major axis of movement is horizontal. 

 

 
Figure 5-4  A Simple Mechanical System 

 
 In mechanical design, often the use of drawings, which are accurate physical 
portrayals of components and the system, reduces the need for schematics in simple 
systems, since the operation of the system can be imagined from the drawing.  A 
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schematic generally does not attempt to accurately portray dimensions or other features 
needed for a qualitative understanding of the system. 
 
 Sometimes both electrical and mechanical components are combined into a 
single schematic, as seen in Figure 5-5 of a crushing system for recycling aluminum soda 
cans.  The conventions of each domain are followed in that portion of the schematic. 
 

 
Figure 5-5  Schematic of an Electro-Mechanical Can Crusher with Test circuit 

 
 In this case, the motion of the mechanical system, at least that portion acting 
linearly, is shown as vertical since that would be the orientation in the physical world, 
and the bias of gravity is significant.  Notice that this example includes both rotational 
and translational components.  No attempt is made to depict any of these elements with 
accurate drawing.  (A number of details such as component names and some 
connections to other parts of the system were omitted in this schematic, which is 
notional with respect to some aspects.) 
 
 [What is a good reference for further instruction on mechanical schematics?] 
 

In ME reports, and sometimes in EE reports, it is appropriate to include 
engineering drawings in addition to or instead of schematics.  Doing good engineering 
drawings is beyond the scope that this manual attempts to address.  Making those 
drawings clear when they are used in a report means following the general guidelines 
given for graphs and schematics.  Make sure lines are easily seen, use high contrast 
(black on white is best), make sure labels, numbering, and other symbols are easily read, 
and aim for clarity.  Avoid outer boxes, grey or black background, and minute features.  
If a drawing cannot be rendered in a satisfactory manner, use a schematic supplemented 
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by drawings or drawing excerpts, showing particularly important points.  Unsatisfactory 
drawings are very common in student reports.  In most cases the drawing has little value 
other than saying, “We did a drawing,” because the details cannot be read or 
understood. 
 
Other Diagrams: 
 In addition to graphs, schematics, and drawings, reports often need to include 
other diagrams.  These fall into several categories.  One is a diagram to show the 
relationship between the physical and electrical aspects of a component.  For example, 
the “pinout diagram” for a component shows how the electrical connections are made.  
Figure 5-6 is an example of such a diagram.  (The need for such a diagram can often be 
avoided by using pin numbers in the schematic.) 
 

	
Figure 5-6  Pinout Diagram for 27C64 Electrically Erasable Read Only Memory (EPROM) 
 
 More common is the “Block Diagram” used to describe a system at a granularity 
above what is appropriate in a schematic.  For example, Figure 5-7 shows a block 
diagram of a superheterodyne radio. 
 

	
Figure 5-7  Superheterodyne AM Radio 

 
 In a block diagram, there is often no attempt to use schematic symbols, although 
some may be used where appropriate (such as a rightward pointing triangle for 
amplifiers).  Only the most important relationships are included.  Here, that is the left to 
right signal flow.  Each of the boxes includes what could be a very complicated 
subsystem.  No power connections or other incidental effects are shown.  The focus is 
entirely on the most important concept in understanding the system. 
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Often block diagrams are used in diagraming business communications, 

management structures, and logistics relationships.  PowerPoint includes useful 
facilities for drawing such diagrams, though if detailed drawings are needed that 
program is entirely inadequate.  Remember, if you use PowerPoint, to follow the 
conventions for report figures rather than presentation slides.  The figure should be 
done to match the document text, there should be no box around the figure, and there is 
to be no title at the top.  The importance of high contrast, clarity, and readability remain 
paramount. 

 
Photographs: 

In addition to diagrams, photographs are often used in laboratory reports where 
it is necessary to illustrate the physical appearance of the system.  Often such 
photographs are used where a block diagram or schematic would be more appropriate.  
A photograph should never be used as a substitute for a properly annotated graph.  (A 
photograph may be the starting point for a decent graph where necessary.  See the 
examples in Appendix E.) 

 
Photographs, where used, should be done with high contrast, so that when copied 

on a copier they will be satisfactorily rendered.  Color should be avoided if possible for 
two reasons.  Color photographs take up a lot of memory in a digital format, increasing 
load times and storage requirements.  On paper, they are more expensive to reproduce, 
or the color information will be lost when reproduced in monochrome.  Be sure to frame 
and zoom a photograph to focus on the truly important part prior to capturing the image 
for transfer to a document.  You may also want to add helpful annotations in a photo 
editing program (like Paint) prior to moving it to your document.  Render your 
photograph in a resolution appropriate to the medium (paper or digital).  Usually you 
want higher resolution for a quality paper report. 

 
Photographs are figures.  The same general principles apply as for other figures. 
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Chapter 6  What to Do If Things Don’t Work 
 
Overview: 

There is a common misconception among undergraduate students that 
Laboratory Reports are always supposed to come out “Right.”  Any unusual or even 
unexpected behavior is an error on the part of the student, to be obscured or covered up 
in the interest of achieving a better grade.  This point of view assumes that the primary 
purpose of laboratory work is student assessment: putting a grade on the student.  
Generally, though, that is not the case.  Indeed, the purpose of grading may be more to 
motivate the student to take the exercise seriously: plan and perform the exercise and 
write the report afterwards.  Without grading that might not happen. 

 
Graded work generally serves three purposes.  It is indeed used for assessing the 

student, the most obvious purpose.  But it is also used by the instructor to get a sense of 
how well the class as a whole, or even particular students, understand the material, so 
that future instruction can be modified to include review or additional coverage as 
needed.  Perhaps the most important function of laboratory exercises is that the 
experience should deepen the student’s understanding of the subject, in a way that 
abstract study cannot.  The exercise of formally writing about what happened is part of 
that experience, in that articulating in language the principles , observations, and 
conclusions is an important part of the learning process. 

 
The most important contributor toward student learning from a laboratory 

exercise is how the student understands his role.  Possibilities include: 
 
1.  The student is just a data taker.  Someone else designed the laboratory 

exercise and prescribed a procedure to be followed, and perhaps even 
arranged for the apparatus to be set up and provided a form for recording 
data.  So, the student’s job is merely to fill in the data, and generate a report 
following a format provided.  In this understanding, the key issue is whether 
the data was recorded correctly.  If the answers come out “wrong,” the student 
supposes it is his fault.  Maybe the data taking instruments were not used 
correctly, or the numbers recorded incorrectly.  If the assumption is made 
that this is a test to generate a grade, then obscuring the error may seem a 
reasonable approach to mitigate the damage.  The problem, though, is that 
usually the student is expected to be more than a data taker; he should be 
thinking about the exercise, and why something may not have come out as 
expected.  Too often this is the way students approach a laboratory exercise. 

2. The student as direction follower.  In this mode of thinking, the student goes a 
step beyond being just a data taker; he also has to correctly set up the 
apparatus, perhaps even choose components, or even design a system which 
is to be characterized.  So, the student focuses on procedure.  If things don’t 
work, then something must have been done wrong, and the procedure was in 
error.  A student who sees the laboratory exercise merely as a test of 
instruction following and data recording skills will likely see surprises in the 
results as his fault and may seek to cover up evidence of his errors, as above. 
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3. The student as investigator.  This way of approaching the exercise sees the 
student as trying to fully comprehend what happens in the laboratory.  The 
exercise in not just a test of direction following and data taking, but also of 
understanding what has happened.  So, if things do not go “Right” in a 
laboratory exercise, that means an expanded opportunity to learn.  What 
actually happened?  How can one find out?  A laboratory exercise that does 
not go as expected, to be understood, requires deductive and other reasoning 
processes that more fully require and demonstrate a true understanding of the 
physical phenomena at play.  This is the perspective that will help you get the 
most out of a laboratory exercise, especially one that “goes wrong.” 

 
The remainder of this chapter explores ways and reasons a laboratory exercise 

may seem to “go wrong”, and what the student can reasonably do in such circumstances.  
This chapter is necessarily rather general about these things.  A specific exercise and 
issues that arise is described in Appendix G. 

 
General Principle: A Professional Perspective: 

The most important issue in dealing with adverse laboratory results is to 
maintain a professional perspective.  Engineering is a profession.  That means that the 
engineer is providing a useful service based on a specialized understanding of some 
domain.  In the case of engineering, that domain is the operation of physical systems 
based on the sciences and mathematics.  Generally, the product of an engineer is useful 
and actionable information.  One form of that information is drawings and similar 
documentation that is passed on to the manufacturing phase of product development.  
But more often, an engineer is furnishing information to a client, or someone in 
management, who needs to make an important decision based on that information. 

 
A laboratory report is a reasonable educational surrogate for such real-world 

reports.  In science classes, experiments are conducted to either confirm or deny the 
truth of some hypothesis or proposition, such as whether a real-world phenomenon 
follows the predictions made in accordance with a certain theory.  In industry, a 
comparable study might be intended, for example, to show whether a particular sensor 
would be effective in the real world.  It is important to discover whether the concept 
proposed is worth pursuing by investing more money to develop a prototype, or whether 
the approach should be discarded in favor of some alternate approach.  The issue is 
important financially, since money spent developing the proposed approach is lost if it 
turns out not to be viable later.  It is important temporally, in that time spent on 
development is also lost if the approach turns out not to be viable.  That is especially 
important in that a competing firm may also be developing a product to address the 
same real-world problem, and the first to market will likely have an immense advantage. 

 
The most important quality a professional brings to his client is understanding of 

the truth.  That truth may need to be articulated in a way that a non-technical client or 
manager, or client or manager with less specialized knowledge, can understand.  That is 
why the writing of reports is so important.  So, in your reports, the primary imperative is 
to be truthful and forthright.  Your information, whether for good or bad, is important, 
and will likely influence your organizations future in important ways.  A report that 
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something does not work is every bit as important as confirming that something does 
work.  If you do not have enough information to give a definitive conclusion, it is 
important to convey that too.  You don’t want the company’s future to depend on your 
guess. 

 
In a laboratory report you need to be modeling this perspective.  You need to 

clearly describe what was done and the data recorded, so that if there is a mistake later 
in analysis and conclusions, somebody will be able to find it and prevent action being 
taken on a wrong conclusion reached in error.  If data does not support the hypothesis, 
or if performance of the system does not meet specifications or expectations, that is 
important information.  You don’t want your organization to invest resources in an 
approach that later fails.  To summarize the attributes your report should employ: 

 
1.  Be truthful and forthright. 
2. Clearly describe your procedure and results so that other people can check 

them. 
3. Show clearly your analysis and how you reached your conclusions. 
4. If things don’t work as expected, draw on theory and your knowledge of the 

system to identify what went wrong, if possible, or hypotheses about what 
went wrong if a conclusion is not possible. 

 
The quality of a report is most important in precisely the case where the outcome 

of the exercise is unexpected. In the business or government context, this is likely to 
precipitate a stressful situation.  Your boss will be unhappy to hear that his preferred 
solution is not going to work.  He may not even want to hear the bad news.  You may be 
labeled a troublemaker or worse.  But, the duty of an engineer is to speak the truth, even 
if that truth is unwelcome.  Ultimately the truth will be known, and the issue is how 
much expense and unpleasantness is precipitated when it does.  Sooner is usually better. 

 
What can go Wrong? 

So, here we turn to the specifics of why a laboratory exercise may “go wrong.”  
What we are dealing with at this point is diagnostics, sometimes called “debugging” 
when it comes to finding and fixing system problems that cause wrong behavior.  This, 
in general form, is a list of hypotheses.  The report writer needs to consider these and 
perhaps other hypotheses, considering and testing each one. 

 
1 The hypothesis of the experiment is indeed wrong. 

In a science class this seems unlikely, especially if the hypothesis is the 
validity of a scientific principle of long standing, such as Newton’s F=ma or 
Ohm’s V=IR.  Would your instructor throw you a “ringer” by giving you a 
“law” to prove that isn’t actually valid?  Look at your data.  Does it say that the 
hypothesis is true, or not?  It is your professional obligation to report what 
you see, and how you came to that conclusion.  The worst thing you can do is 
see data that seems to disprove the hypothesis, and then say that you 
conclude the hypothesis is true.  No; even worse would be to fabricate data 
that you did not take that would support the hypothesis, in order to obscure 
your observations!  That is lying, and in a professional context is criminal. 
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2 The hypothesis is not applicable for the experiment as performed. 
This possibility is not quite as surprising as the one above, but will look 

like it.  The hypothesis or “law” to be proven actually is valid, but the 
apparatus or test doesn’t actually fulfil the requirements of the hypothesis.  
For example, Ohm’s law is tested to see if V=IR using an incandescent light 
bulb for the resistor.  R is measured using an accurate laboratory grade meter.  
But the laboratory results fail to show a constant ratio of V to I.  In this case, 
the problem is that the component measured, the light bulb, does not have a 
constant value of R independent of temperature, which in turn is affected 
directly by V and I.  Ohm’s Law is NOT true for a light bulb!  Similarly, a 
rocket with fixed thrust (force) will not have a constant acceleration because 
mass is changing.  When a hypothesis seems to fail, very likely some 
assumption has been made that turns out not to be true.  If it was your lab 
instructor who specified the component, might he have slipped in something 
that would behave this way?  (The answer is often, “Yes!”) 

3 The measurement means are not adequate to reflect the real-world situation. 
In this case, perhaps not initially distinguishable from those above, the 

issue turns out to be the instrument used to make a measurement.  No 
instrument is perfect, and some affect the system simply by making a 
measurement.  For example, inexpensive digital Voltmeter has an input 
impedance of 1MW.  Measuring Voltage in a circuit made up of MW Ohm 
magnitude resistors actually changes the circuit, so that readings with the 
meter present are different from the actual Voltages with the meter absent.  In 
like manner, the pressure gauge on an air pump, when attached to a bicycle 
tire, may not indicate the original pressure, because air was drained to 
pressurize the connecting hose.  Beware of instrument assumptions.  Even 
laboratory grade instruments have their limitations.  For example, many 
typical laboratory AC Voltmeters are not designed to measure high 
frequencies, they will be wrong if the frequency is well into the KHz region or 
beyond.  There are frequency limits on other instruments as well. 

4 A component does not have behavior corresponding to its specification. 
This situation occurs quite often.  A component may appear to be perfectly 

normal, but behave in a faulty manner.  One potential reason is that it is, in 
fact, faulty.  A transistor may have been subject to excess dissipation, and has 
failed.  Some of the never-used resistors found in lab stocks, which have been 
there for several decades, have been found to be off by more than 50% when 
the specified tolerance is only 10%.  (A 75 Ohm resistor from the SLC238 
stocks was found, after considerable debugging effort, to actually be 130W!  It 
was right out of the cardboard sleeve, never before used.)  Another potential 
reason for problematic behavior is a connection error: a terminal is not 
connected correctly, or the terminals are corrected wrong.  A backwards diode 
will not operate properly.  A transistor connected backwards may even behave 
like a transistor, but of inferior quality.  This problem is very common. 

5 An error was made in following the procedure or in component selection. 
This is perhaps the seeming most likely problem, and indeed is well worth 

checking.  If there is a way to test individual components to see if they are 
what they should be, do so.  For example, it is very easy to look at a resistor 
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marked brown-red-black and mistake it for one marked brown-black-red.  
(I’ve made that mistake more than once!)  An Ohm meter will reveal this 
error.  It is easy to mistake one transistor type for another, or plug something 
into the wrong hole on a solderless breadboard, or to make a measurement 
error when reading a ruler while positioning something.  Aside from looking 
at the components and experimental configuration searching for errors, the 
system can be tested in parts.  For example, in an electrical system, where 
three resistors meet, do the currents calculated for all of them sum to zero as 
Kirchoff’s Law says they should?  (Or, does some additional current leak out 
through a capacitor connected backwards?)  Do forces sum at a junction?  Do 
displacements around a mechanical loop sum to zero?  Construct and test 
hypotheses about your system, looking for discrepancies that will give clues 
where the problem may lie. 

6 The expectations used to predict may not take real-world conditions into account. 
One of the reasons for doing work in the laboratory is to acquaint students 

with the difference between models and reality.  We as engineers construct 
abstract models of reality and use those models to predict behavior.  For 
example, we use F= -k x to characterize a spring: force is proportional and 
opposite to how we stretch the spring.  This linear relationship is 
mathematically convenient, but real springs bottom out, can break if stretched 
too far, or may be nonlinear even close to equilibrium.  The wires that connect 
a power supply to a circuit are actually inductors.  Capacitance and friction 
are everywhere.  Non-ideal behavior is widespread in the real world, including 
the laboratory.  The issue is, does it matter?  Part of engineering laboratory 
exercises is learning to recognize where real-world deviations from our 
models matter, and what to do when that occurs. 

7 The data are actually correct, but a mistake has been made in calculation. 
This is not an uncommon problem.  Sometimes the error is a faulty 

calculation that, in hindsight, seems obvious.  At other times the error is more 
subtle.  An example is using quantities that are actually complex, like 
capacitor Voltage in an AC circuit, and treating it mathematically as if it is real 
without considering the phase.  In a case like this your conclusions may be 
wrong, or you may not be able to reach conclusions, but can point out that an 
error (so far unidentified) must be present.  A reviewer may well be able to 
find the error, and can then reach valid conclusions working from the raw 
data you have supplied. 

 
So, What Can You Do About It? 

At this point, we assume that the data is taken, and the time available in the 
laboratory is at an end.  You have been analyzing your data and writing your report, and 
you suddenly realize that things are not coming out right; something is wrong. 

 
The first (and obvious) thing to do is try to figure out what went wrong.  Consider 

the various possibilities in the preceding section.  Construct hypotheses, and test them, 
using theory and your knowledge of the system and the data you collected.  Can you find 
a hypothesis that is both reasonable and consistent with your data?  If so, good!  That 
means your report needs to include, after giving your raw data, an analysis section or 
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subsection that shows how you determined that there was a problem, your hypothesis 
about what went wrong, how you tested your hypothesis, and your conclusion that, yes, 
this is what went wrong.  If it is possible to reconstruct what should have happened from 
the data you took and go on to successfully reach the conclusions expected of the 
laboratory exercise, go ahead and do so.  Very likely you will be left unable to draw 
conclusions for lack of valid data.  In that case, it is important to state in your 
conclusions section that a conclusion could not be reached.  (You may go on to make a 
recommendation how the problem that prevented successful conclusion can be avoided 
in the future.) 

 
Unfortunately, a more frequent situation is that the student has bad data or bad 

conclusions after performing analysis, but does not know why.  In that case, it is 
important to convey to the reader as much information as you can so that the reviewer 
may be able to reach conclusions, at least concerning what went wrong.  In the business 
world, the reviewer is likely to be a more senior engineer whose job it is to help in 
exactly this kind of situation, where someone more junior needs help.  So, in addition to 
your raw data, you need to list each of the hypotheses you considered that might explain 
what went wrong, and give the procedure and data collected in attempting to test each 
one.  If resources permit, you can also model possible failure hypotheses using abstract 
principles or simulation, to show how the system would behave for each of the faults 
hypothesized, and how that would or would not be consistent with observations.  This 
kind of analysis can become lengthy, and there is a practical limit on the resources of 
time and effort you can afford to put into a laboratory report.  But, you should do 
enough to show that you made an earnest effort. 

 
Ultimately, your professional duty is to convey as accurately as possible what has 

happened, and give as much information as you can about what the possibilities are and 
any further data that might help someone else understand the situation. 

 
After turning in a report which states that, “Something went Wrong,” it becomes 

someone else’s responsibility what to do about it.  In the business world, that’s a 
management issue.  In response to such a report from a junior engineer who has put 
forth a conscientious effort, the response will likely be, “This guy needs help.  We’ll give 
it to him.”  With that help, you are able to solve the problem.  Or, it may be that the 
problem turns out to be badly posed, too difficult, or downright unsolvable.  That 
becomes a problem for a more senior engineer.  By giving a forthright and honest report, 
you have done your duty. 

 
In the academic environment, the report gets graded.  But, undoubtedly, your 

instructor will be wondering, “What really happened?”  You may be given some 
guidance and asked to repeat the exercise.  It may be that your instructor can identify 
what happened, especially if you have been generous in providing helpful information.  
That’s good!  If you do not come away with satisfaction, stay curious.  Maybe the next 
semester, or years later, you will look back and, all of a sudden, say, “Aha!”  That’s when 
you will have learned the most, more than if nothing had ever gone wrong. 
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Chapter 7  Common Issues and Problems 
 
Introduction: 
 This chapter is based on a message that was sent to a class in EE283 in reaction 
to submission of formal lab reports which were far from satisfactory.  This manual is in 
part an attempt to provide students with additional guidance so that a plea of “We don’t 
know how!” or “We haven’t received enough instruction!” has been addressed in 
advance.  Work to make sure your lab report complies with the general intent of clear 
communication, that it is responsive to all of the requirements of the lab instructions 
and the general guidance for lab reports (including this document).  It would be a good 
idea also to look at the deficiencies described here and make sure that, if you do have 
mistakes, they won’t duplicate the ones described below. 
 
Preliminaries – Do What’s Required Before Coming to the Laboratory: 
 One of the more common reasons for bad laboratory reports is that the problem 
isn’t just the report.  It was a bad laboratory exercise all around.  The most likely cause: 
failure to read the assignment.  Or, perhaps it is failure to read and comprehend the 
assignment.  Thus, doing a good laboratory report is not only about writing; it is also 
about reading.  You very much need to read the description of the laboratory exercise 
before coming to the laboratory, and give the matter some thought.  Often laboratory 
assignments have preliminary work that is supposed to be done before getting to the 
laboratory.  Be sure it gets done; you will have a better understanding of what you are 
going to do in the lab, and you will be less likely to waste time in work that has to be 
repeated.  Often it will even be possible to do some construction, or even testing, before 
coming to the laboratory.  Be sure that you have read the whole laboratory exercise 
description, especially the reporting requirements, so that you take down all of the data 
that you will need for your report.  You don’t want to discover, only when you are 
writing the report, that there was some bit of data that you failed to record, or even a 
whole step that you left out.  The bottom line is, “Be Prepared!” 
 
Knowing What’s Required: 
 One technique that I’ve seen used by well-organized students is to highlight, in 
the laboratory exercise directions, the key steps of the procedure and the reporting 
requirements.  It can even be useful to use different colors for each.  Keep in mind that if 
the instructions direct you to do something, there is a data collection activity for it, 
whether explicitly stated or not.  As an example, here is the text from an EE252 
Laboratory exercise with those points highlighted (important steps in yellow, reporting 
requirements in blue): 

2.1		Pre-Lab	assignment	
The	first	part	of	the	preliminary	work	is	to	design	the	bias	network	that	establishes	our	Q-point.		Follow	the	

"rule-of-thumb"	the	textbook	gives	of	making	VC	=	2/3	of	VCC	and	VE	=	1/3	of	VCC,	which	we	will	specify	as	12	Volts.		
Now,	assume	a	Q-point	Collector	current.		Pick	a	current	between	about	1mA		

…[Details	of	design	process	omitted]…	
to	make	the	base	about	.7	Volts	above	the	emitter.		(We	will	also	be	trying	a	Q-point	with	5	times	as	much	current.		
That	should	be	achieved	by	simply	dividing	all	the	resistor	values	by	about	5,	without	changing	the	voltages.)		If	you	
need	a	resistor	value	that	you	do	not	have,	let	me	know.	
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Now	we	would	like	to	predict	the	AC	performance.		We	will	make	CE,	CB,	and	CL	"large"	so	that	they	do	not	
affect	the	AC	performance	of	the	circuit.		Note	that	CE	shorts	the	emitter	to	ground	for	AC,	and	CB	directly	connects	
our	signal	source.		Since	the	Base-Emitter	junction	is	basically	a	diode,	we	can	estimate	its	AC	resistance	as	about	
.026V/	IB.		(You	will	recognize	VT	there.)		Now	we	should	be	able	to	calculate	the	input	impedance,	and	the	AC	gain	
we	will	have	with	no	load	(RL=	infinite).		Calculate	this	for	the	x5	bias	point	as	well.		Then,	see	if	you	can	predict	what	
the	gain	would	be	without	having	CE	in	the	circuit.		Try	the	circuit	with	simulation,	and	check	your	bias	and	gain	
calculations.		You	should	try	out	all	of	the	things	we	will	be	doing	in	the	lab	with	simulation	ahead	of	time.	

	
2.3		Build	and	check	bias	network	

Construct	the	transistor	and	bias	network	part	of	the	circuit	shown	in	Figure	1,	using	the	component	values	
you	calculated	earlier.		Power	it	up,	and	check	the	Q-point.		Record	the	voltages	and	currents.		If	what	you	see	is	way	
off,	there’s	an	error,	or	you	may	need	to	adjust	the	resistor	values	to	get	at	least	close	to	the	desired	values.		(And,	go	
back	and	check	your	work!)	

2.4		Complete	the	amplifier	and	Measure	AC	performance	
Add	the	remaining	components,	except	for	RL.		Use	your	470	µF	capacitors	for	CE	and	something	around	10	

µF	for	CB.		(Remember,	they	are	polarized;	be	sure	that	the	positive	end	is	where	it	ought	to	be!)		Connect	the	signal	
generator	to	the	input,	and	use	the	oscilloscope	to	watch	both	the	input	and	output	voltages.		(You	may	need	to	use	a	
potentiometer	or	other	Voltage	divider	to	reduce	the	input	Voltage	to	a	small	enough	value	to	avoid	clipping,	since	
the	signal	generator	doesn’t	go	below	10-20mV!)		Vary	the	input	voltage	magnitude	and	watch	what	happens	to	the	
output.		Find	the	value	of	input	and	output	that	gives	"clipping"	(the	output	is	no	longer	sinusoidal).		Go	to	a	voltage	
well	below	that,	and	record	input	and	output	magnitudes.		Then	figure	the	AC	gain.		Now	yank	out	CE	and	see	if	it	
makes	a	difference.		Record	the	AC	gain	for	that	condition.		Now	add	a	load	of	1KW	(remember	to	include	a	CL	
coupling	capacitor	of	perhaps	10µF!)	and	see	what	happens	to	your	performance	(With	CE	back	in).		Make	the	
necessary	measurements,	and	calculate	both	Voltage	gain	and	Current	gain.		Also,	calculate	rP,	the	base-emitter	
diode	AC	resistance.		Note	that	you	will	have	to	measure	the	input	AC	current	to	do	this.		(For	extra	credit,	change	the	
frequency	and	see	when	performance	starts	to	drop	off.		Or,	try	smaller	capacitors,	such	as	the	tantalum	(2.2	µF	?)	
capacitors,	and	see	how	they	change	the	response.)	

2.5		Other	bias	point:	
Repeat	2.3	and	2.4	for	the	higher	bias	point,	keeping	RL	in	the	circuit.		(With	CE	in.)	

2.6	Report:	
Report	your	results	formally.		Include	your	design	process.		Be	sure	your	schematic	is	properly	drawn	and	

annotated.		Compare	the	results	you	got	in	the	lab	with	the	results	from	simulation	as	well	as	what	you	might	expect	
from	circuit	theory	models	of	the	devices	based	on	the	diode	equation	for	rp	and	other	models	in	the	book.		You	may	
find	it	desirable	to	re-run	the	simulation	with	values	adjusted	to	what	you	actually	did	in	the	lab,	and	include	cases	
you	may	not	have	earlier	if	necessary	to	understand	and	explain	your	results.		The	report	is	due	one	week	after	the	
lab	work.	

	
Another thing that might be helpful is to know how the report will be graded.  If 

the schematic counts 40 points, it needs to be a point of special emphasis in your report.  
If it is only 10 points, the graphs and tables may instead deserve that attention.  Your 
instructor may or may not have guidance that indicates how the assignment will be 
graded.  It can’t hurt to ask.  You can also see what your instructor has done on previous 
exercises, or even in previous classes, and extrapolate that to the present.  As an 
example, I have used the following grading sheet for EE252 Lab 2 (the one described 
above). 

	
EE252	Lab	#2	Report	grading	 	 Student:	 	 	 	 	 	

Reviewer:	 	 	 	 	
Abstract	(5)	 	 	 	 	 	 	
Background	and	Specification	(10)		 	 	
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Design:		Q/bias	(DC):	(10)	 	 	 	 	
	 		Gain	(AC):	(5)	 	 	 	 	 	
	 		Rin	(AC):	(5)	 	 	 	 	 	
	 		5x	bias	point	(DC,AC):	(5)	 	 	 	 	
Simulation:		Q/bias	(5)	 	 	 	 	 	
	 		Transient	(AC	gain)	(5)	 	 	 	 	
	 		5	x	bias	point	(DC+AC)	(5)	 	 	 	 	
Procedure:	 	 	 	 	 	 	
Lab	Results:		Q/bias	(5)	 	 	 	 	 	
	 		Clipping	V	(5)	 	 	 	 	 	
	 		AC	gain	(5)	 	 	 	 	 	
	 		No	CE	(2)	 	 	 	 	 	
	 		With	1K	load	(5)	 	 	 	 	 	
	 		Find	rp	(3)	 	 	 	 	 	
	 		5x	bias	(5)	 	 	 	 	 	
Conclusions	 	 	 	 	 	 	
Deductions	for	usage,	organization,	formatting	etc.	 	 	
Bonus	stuff	 	 	 	 	 	 	
Grade:	 	 	 	 	 	 	
Comments:	

	
A Checklist: 

The following is a list of points you could ask yourself as you are completing a 
laboratory report or reviewing it prior to submission.  It should also be useful to go 
down this list ahead of time before starting to write. 

 
1. Does the report organization match requirements?  (For example, is an abstract 

required?) 
2. Are figures and titles properly numbered, titled, and given callouts in the text? 
3. Are general issues of English usage correct? Person, voice, tense, sentences not 

too long? 
4. Is all of the raw data collected in your report? 
5. Did you use appropriate numbers of significant digits?  Or error bands? 
6. Did you use appropriate units throughout the report? 
7. Are graphs and other figures properly annotated? 
8. Did everything that happened make sense?  Did you comment on surprises? 
9. Does the conclusions section adequately wrap up the whole exercise and address 

all issues? 
10. Does the Abstract summarize the whole exercise, including conclusions? 
11. Does the Format, including cover sheet if any, meet the course format 

requirements? 
 
Working with your Partner: 
 You should be sure to establish a good working relationship with your laboratory 
partner or team.  Understand ahead of time who will do what, including writing the 
report or parts of the report.  Check your partner’s work, and he should check yours.  
Often it is difficult to proof-read one’s own work, and your partner might have noticed 
something in the reporting requirements that you missed.  If the report grade is shared, 
you will be helping not only yourself, but also your partner, by doing a good job.  If 
reporting responsibility and grading alternates, take advantage of the opportunity to 
help your partner to a better grade.  Both are matters of professionalism and 
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consideration for others.  Make sure you keep your partner informed.  You should be 
accountable to each other for not only doing the work, but keeping the partner informed 
of progress.  This is an extra reason to write your reports well ahead of the time when 
they are due: it is considerate to your partner, who needs time to carry out his share of 
the responsibility.  It also makes reporting progress easier and less critical. 
 
 If you have problems with your partner, you won’t be the first person for that to 
happen to.  Any shared endeavor is subject to such things, and that’s just as true in 
industry.  The first thing to ask yourself is whether you are doing everything you should, 
and communicating (or attempting to communicate) in a timely manner.  Second, try to 
evaluate and consider your partner’s situation.  Your partner may have at the moment a 
crisis of some sort.  Find out, and see if there is a solution, such as a reallocation of 
workload and assignments.  The key to many problems is better communication. 
 

A good principle to follow in working with a partner is to endeavor to make your 
contribution to the joint effort more than 50%.  Not just 50%; more than 50%!  
Perceptions will vary.  It may seem to you that you are doing 50%, but from your 
partner’s point of view, it looks like only 40%.  Then the partner thinks that he, unfairly, 
is consequently having to do 60%.  Be aware of the potential for such differences in 
perception.  If you both follow the principle of doing more than 50%, you should come 
to appreciate each other more, and you’ll be an effective team. 

 
It is also possible that one partner, seeing that the other person is doing more 

than 50%, will pull back his own effort so that he does less.  Over time, the active 
partner doing more will increase his share of the effort while the passive partner 
defaults on more and more.  Pretty soon that sad state of that situation will be very 
apparent: one partner is an energy source and the other is an energy sink.  This is not 
sustainable, and is not right.  But, it can and does happen.  You can try to talk out the 
problem, but in my experience that doesn’t often help.  The partner expecting the other 
person to do most of the work often becomes defensive and perhaps combative. 

 
In such a situation, or perhaps in others, such as when a partner just disappears 

and stops communicating, the course instructor needs to be made aware of the problem.  
At best, some satisfactory solution will be found.  At worst, there is no solution and the 
difficult problem continues.  In that case, the best you can do is to soldier on, doing the 
best you can, and take satisfaction in what you have done, however that works out for 
the course.  In an extreme case, you may need to talk to other faculty members in the 
department, starting with your advisor.  If no solution can be found, a grade appeal may 
be necessary, if the instructor does not consider the defaulting partner when it comes to 
assigning a grade. 

 
The best way to avoid such difficult circumstances is by finding a good laboratory 

partner at the beginning of the course.  If you are a conscientious student, and other 
students in your discipline come to know that, you should be in demand as a laboratory 
partner.  Get to know the other students in your discipline, so that you will know who is 
likely to be a good partner, and, more importantly, who is likely to not be a good 
partner.  You should be able to find someone else with a similar attitude and work ethic, 
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with whom you can establish an effective and productive partnership.  Try to arrange to 
be partners before the class meets.  Make a point of being early to the lab on the first 
day, to have a better choice of lab station and partner.  The worst situation is to show up 
late and be paired with the worst student in the class at the last open seat in the lab.  A 
similarly difficult situation is to be the last to arrive and find yourself the odd student, 
randomly assigned as the third person in a partnership that has already been 
established.  It is possible that your instructor will assign places and partners.  But if the 
issue is in your hands, you can help yourself a lot by being proactive rather than passive. 

 
Additional Stuff: 

Appendix H contains information on laboratory record keeping.  That appendix is 
specifically addressed to EE337, but the ideas and general approach is potentially 
applicable to other courses.  Requirements for record-keeping in industry vary greatly 
with the nature of the business.  Often scientists and engineers are required to keep very 
complete and documented records of everything they do, especially where intellectual 
property is likely to be an issue. 
 

Appendix I is a debugging guide for digital circuits that was originally prepared 
for EE283, but the ideas are more broadly applicable.  It is included here for 
convenience. 

 
Appendix J contains a variety of good student laboratory reports that may serve 

as useful examples.  Note that even these, by good students, have some issues, which are 
summarized at the end for each one. 
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Chapter 8  Conclusion 
 

The most basic problem in doing laboratory reports seems to be a 
misunderstanding in what the laboratory exercise is about.  There seems to be a 
pervasive point of view that the exercise is about following directions, building stuff 
according to those directions, and seeing it run.  Yes, we do want to build systems and 
observe phenomena, but it is also important to measure things, understand, and report.  
The next biggest problem seems to be in preparation.  Ultimately the report needs to 
convey what is observed and concluded in terms of what that important to the purpose. 
 

A common complaint in laboratory work is that the instructor did not give 
adequate directions.  This complaint usually arises because of the limited perspective of 
the student, who sees himself as just following instructions.  In industry, especially 
when doing innovative work, you will not have “adequate” instructions, and often no 
instructions at all.  That’s what distinguishes being a professional at this: you are 
capable of figuring out the situation and acting accordingly. 
 

In the context of laboratory reports, and laboratory exercises in general, that 
means keeping your mind engaged through the whole process.  Be sure to understand 
what the point of the exercise is.  Develop expectations: know what should happen in the 
laboratory.  Understand the equipment that you will use in the laboratory, including not 
just what it does, but what its limitations are.  When you see the unexpected, think 
about it, construct hypotheses and test them, until you understand what is going on.  
Ultimately, put that understanding into written form that conveys accurately and 
concisely what has happened, and its significance, to others.  Pulling all of these issues 
together is something to learn by doing.  That’s an important benefit of lab exercises. 
 

It's taken me a lot of years to learn such things.  I made errors similar to many of 
yours. Sometimes because I was in a hurry.  Sometimes I simply did not have enough 
time to devote to a class or an assignment.  Sometimes I procrastinated or didn't 
exercise enough self-discipline.  Being a student is stressful, and you sometimes have to 
make tradeoffs in how your resources of effort and attention are committed.  Sometimes 
it's too easy to not meet responsibilities.  But, I hope you do at least think about what 
you are doing.  On many student reports, it should not take much more time to do a 
much better job on the report than a poor one; it just takes stopping to think. 

 
The idea of treating lab reports as a role-playing exercise to prepare for the 

business world may seem silly, but one way or the other you are going to need to 
understand what you are doing, why you are doing it, and why someone ought to be 
paying you, after you graduate.  (You do want to be paid for doing interesting work, 
don’t you?)  Appendix H takes a quick look at the business context for reports. 
 

So, I hope that if nothing else, you will take these laboratory writing assignments 
as an opportunity to learn.  Do think about what you are doing.  Think about the quality 
of your work, and how to best convey results.  What you learn about this will be 
important for your entire life. 
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Appendix A  Sentences Gone Bad 
Introduction:   

The sentences below were collected from EE241 Digital Design laboratory reports.  They 
will be used to illustrate some of the ways that sentences go bad.  I'd like to emphasize that these 
were written by good students.  The problems are in some cases matters of basic English 
grammar, but more often the issues have to do with the intersection of technical terminology and 
English usage.  Some of the points may seem minor, even trivial, and multiple solutions to some 
of the issues are certainly possible.  Good English usage and precision in technical 
communication is important.  It is likely to be the way someone will judge your technical 
competence in the absence of other information.  I’m hopeful that something can be learned by 
following the reasoning in the discussion of each of these examples. 

If you are looking for a useful exercise in technical English, try to identify the errors in 
each example prior to reading my comments.  Better, try rewriting each yourself prior to looking 
at what I have suggested for each. 
 
Example 1.  (This and the following two examples are from a laboratory report in which each 
student designed and built a scrolling display.) 
To display the message "grand theft auto" push DIP switch to on for ground. 

This sentence, as it is, seems clear in its meaning.  (The acronym "DIP" for a "Dual Inline 
Pin" device package is assumed to be understood by the reader, which is reasonable in this 
context.)  What is clearly missing is a comma after "auto". 

This raises an interesting issue.  Should the comma be inside the quotation marks, "... 
auto," ... , or outside the quotation marks, "...auto", ... ?  Proper English usage traditionally says 
that the comma should be inside the quotation marks.  However, required technical usage for 
"strings" in programming, and perhaps other forms of communication, suggests that the comma 
should be outside the quotation marks, so that the message character sequence "grand theft auto" 
is not taken as including the comma symbol.  (I have generally put the comma outside the quotes 
for a symbol or string, and inside the quotes for an actual quotation.) 

A second issue is whether "DIP switch" (a set of switches in a DIP package) is singular 
or plural.  The word "switch" (singular) answers that question.  So why isn't there an article, "a" 
or "the", in front of "DIP switch"?  There needs to be.  Which?  Since it is a particular DIP 
switch rather than just any DIP switch, the article "the" is called for.  (One could argue that the 
particular switch on the multiple element "DIP switch" ought to be identified.  However, for 
practical purposes one can assume that the individual switch to be used is identified somehow.) 

The phrase "to on for ground" may be confusing.  In normal usage, DIP switches are used 
to generate digital binary signals, with the "on" setting resulting in a low Voltage (ground), 
giving a logical "0".  (This is somewhat counter intuitive.)  Perhaps the "for ground" could be 
omitted, since the intent is to tell the reader how to set the DIP switch to get the desired message.  
The mapping from switch settings to Voltage and logical levels could be explained later.  The 
point is to limit the number of complex ideas encapsulated in one sentence. 

Notice the verb "push."  It is an imperative.  Normally you do not want to be throwing 
imperatives at the reader.  If you are the dictator of a small country, or some other type of boss, 
you can get away with issuing imperatives.  If you are writing something to be read by a peer or 
a superior, be careful.  Will the reader see you as issuing orders?  Unless there is good reason to 
deviate, third person passive voice is preferred for technical writing. 
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The word "on" is not used in its normal manner, which would be a preposition.  Here it is 
used to designate the state of the DIP switch.  It is the label we see on the switch itself to see how 
to throw it.  As a label, the word "on" should be in quotation marks.  We are using it as a symbol, 
not a preposition.  If we wanted to be more formal, we would write, "to the ON position."  
(Notice how many times in this one example sentence the quotation marks issue has come up!) 

Notice also that "grand theft auto" is not corrected to "Grand Theft Auto".  Reference to 
the title of a game should be capitalized for normal English.  But here, the information being 
conveyed is the sequence of characters to be displayed, which is the choice of the designer.  The 
designer apparently chose, for reasons unstated, to use all lower case characters.  Imposing 
capitalization loses that information. 
As revised: 
To display the message "grand theft auto", the DIP switch is pushed to "on". 
 
Example 2: 
"My project did not function properly do to a problem with WINCUPL." 

If you read this sentence out loud, there does not seem to be a problem.  But as written, 
"function properly do" is confusing.  The word "do" is a verb, and so is "function".  The reader is 
confused.  Was the project to do (solve?) a problem with WINCUPL? 

The error is a substitution of the homonym "do" for "due".  Homonyms sound alike, but 
their meanings are entirely different, and the spelling as well.  This kind of problem often occurs 
due to overly hasty use of "spell check".  If the originally typed word was "dx", spell checking 
may well provide a suggested correction of "do" instead of "due".  Don't assume spell checkers 
understand what they are reading! 

The word "problem" is not an error.  However, a more specific a word, if one can be 
found, is helpful to the reader.  In this case the problem was a compiler bug.  It's worth saying so 
instead of leaving the reader wondering what sort of problem occurred.  (One could use "error" if 
the word "bug" is considered too informal.) 

The word "with" is a vague preposition.  The problem was internal to the WINCUPL 
programmable logic compiler.  So, the preposition "in" is more appropriate. 

Usually in a technical report you don't want to use first person pronouns unless it is 
unavoidable.  It comes across as putting emphasis on the person doing the exercise, rather than 
the technical substance.  Third person is preferred. 
As corrected: 
The project did not function properly due to a compiler bug in WINCUPL. 
 
Example 3: 
For my scrolling display problems did occur with the GAL program and the characters 
that I was expecting to see on the scrolling display were not seen and characters that I was 
not expecting to see were shown on the display instead. 

This is a good example of a “run-on sentence”.  A lengthy sentence provides 
opportunities for the reader to become confused.  It is better to break it up unless there is good 
reason to keep the sentence together.   

This would seem to be a compound sentence, but a compound sentence should have 
semicolons or conjunctions with commas.  In this case, the word “and” connects the three 
components.  A comma is needed for each.  So, the first fragment is “For my scrolling display 
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problems did occur with the GAL program, and …”  Better, just let the first sentence fragment 
be a complete sentence by itself, using a period instead of the comma and conjunction.   

A comma is also needed to separate the clause “For my scrolling display” from the 
subject, “problems”.  (See the previous example concerning first person pronouns and the 
vagueness of the word “problem”.  In this case the “problem” is still perhaps not understood, so 
greater specificity may not be possible.) 

The second two fragments of the original sentence explain the problem: the wrong 
information is being displayed.  Wouldn’t it be simpler to just say it that way?  The use of “I” 
and the verb “expecting” put a degree of subjectiveness into the observation that is usually 
undesirable.  Why does it matter if what was displayed was unexpected?  What is important is 
that it was incorrect. 

Sometimes it is better to simply throw out a cumbersome sentence and replace it rather 
than trying to rework it, especially for a confused run-one sentence. 
As corrected: 
Incorrect characters were shown by the scrolling display due to problems in the GAL 
program. 
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Example 4:  (This and the following five examples are from a laboratory exercise to design and 
demonstrate a traffic light controller.) 
The traffic light controller lab was given to the designed based off of an intersection 
assigned in class. 

First, the informal word “lab” is a problem.  Does it refer to a facility or to an assignment, 
or perhaps something else?  It is best to use “laboratory” for a facility and “laboratory exercise” 
for a discrete activity, assignment, or project undertaken in that facility. 

It wasn’t the laboratory exercise itself that was assigned, but the particular details of the 
assignment, that is, which intersection to do.  So, “assignment” (or an equivalent) may be needed 
after “laboratory assignment”.  This is a bit of a problem since the word “assigned” appears later 
in the sentence, and repetition is undesirable.  (Perhaps the problem can be avoided when that 
part of the sentence is looked at.) 

The subject of the sentence is clearly ‘the traffic light controller laboratory exercise.  The 
verb is “was given,” and with the preposition “to” added, it needs a noun for the object.  Unless 
the word “to” is part of an infinitive “to (be?) designed”.  Something is clearly not right here.  
But, it is hard to tell what is meant.  If “to be designed….” Then the word “the” is the problem.  
If “to the designer” was intended, then a typographical error in the last letter of “designer” 
caused considerable confusion.  The typo error seems more likely. 

The phrase “based off of an intersection…” is perhaps correct English, but why is the 
words “off of” used?  Typically a derived work is “based on” something given.  The words “off 
of” here seem to imply a more radical departure from the original.  Unless there is good reason, 
the preposition “on” is better. 

In this same phrase, is “based” really the right word anyway?  The assignment was to 
design a traffic light controller for the intersection.  A particular intersection (a word seemingly 
worth using) is meant.  “For” seems simpler and more to the point.  So, the “assigned” in class 
can be simplified to just “in class” since “given to the designer” already conveys the action being 
reported.  “Assigned” turns out to be redundant here. 
As corrected: 
The traffic light controller laboratory exercise assignment was given to the designer for a 
particular intersection in class. 
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Example 5: 

 This project detailed how to design a sequential machine used inside a traffic light 
controller. 

Was the project to design a sequential machine, or to develop more general techniques 
that are used to develop sequential machines?  That depends on what the “project” is.  If “the 
project” is the assignment document itself, yes, it may include general techniques.  If it is what 
the student actually does in the lab, then it is to build a particular machine.  Here, the word 
“project” as used is simply a bit too vague to precisely convey exactly what is meant.  Better, 
“The laboratory exercise was to design …”  The work “exercise” conveys more of a sense of 
carrying out the work. 

The preposition “inside” feels problematic.  It’s a relatively specific pronoun used to 
denote a condition when something is entirely contained by something else, usually in a physical 
or spatial sense.  If the “traffic light controller” was a specific container, a box mounted on a pole 
say, this would make sense.  In that case one would expect what would go inside would be a 
similarly physical component, perhaps a prototype circuit card.  In this case, the less specific 
preposition “in” seems more appropriate. 

The verb “used” is very general.  Often it should be replaced by a more specific verb that 
conveys the nature of the utility more precisely.  In this case, however, a better and simpler 
solution is to substitute the still rather general preposition “for” for “in.” 

As corrected: 

This laboratory exercise was to design a sequential machine for a traffic light controller. 

 

Example 6: 

The program for the GAL16V8D was used to design the system in a one hot machine 
design then the boolean equation were gathered together to form the outside logic to allow 
the traffic light to function properly. 

This sentence is just plain confused.  Part of the problem is that the nouns don’t seem to 
be well understood.  The sense conveyed to the reader is that the writer doesn’t know what he is 
talking about; he doesn’t understand the basic elements he is discussing. 

“The program” seems to be the subject, at least for the first component of the sentence.  
What is “the program”?  The word “program” can mean many different things.  The two most 
likely in this case are: 

1.  An executable “application” (a stand-alone program) that runs on a platform such as a 
computer, cellular telephone, or an embedded processor. 

2.  The source code (in C, MATLAB, or some other programming language) to develop an 
application (or a library or tool or some other form of executable software).  In this case 
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the code would be in WinCUPL source, compiled to a fuse map (JEDEC file) to be 
loaded into the GAL device. 

The confusion here is that the reader doesn’t know if “the program” is WinCUPL, the 
application program used to develop the programming for the GAL, or the “program” meaning 
the source code (or it’s compiled forms) that is loaded into the GAL.  In neither case is “was 
used to design the system” quite correct.  If “the program” is WinCUPL, yes, it is a design tool.  
But instead of the vague verb “used”, the more specific verb form “used to compile” would be 
preferred, and it would be better to identify the program as WinCUPL.  On the other hand, if “the 
program” is meant to be the student’s source code for the GAL (which WinCUPL is used to 
compile), then “used to design” is flat wrong.  The student’s code is part of the design itself, not 
a tool used to design. 

In this case, we will assume that WinCUPL is meant, and substitute that for the vague 
word “program”.  That requires some additional wordsmithing to convey that the target 
programmable logic device is a GAL.  Why, after the vagueness already encountered, does the 
writer insist on the precision of identifying the device specifically as a GAL16V8D rather than 
just as a GAL or a GAL16V8?  The program for a “D” version of the device is exactly the same 
as for the others, so that is a detail meaningful only when actually zapping the program into the 
device. 

A “one hot” method of design is one of the three prescribed techniques students used.  
The casual reader might not recognize that, however, so the use of quotation marks, and perhaps 
capitalization, to call attention to “One Hot” as a symbol designating a design technique, can be 
helpful. 

A good place to break up this sentence is immediately after “machine design”, since the 
subject changes radically.  There is no reason to make this all one sentence.  Indeed, the 
connecting word “then” calls attention to the sequential nature of the steps, or it would have had 
a comma been placed after “design”. 

The remainder of the sentence has a subject of “the boolean equation”.  This is singular 
because the noun “equation” is singular.  The word “Boolean” needs to be capitalized, because it 
is derived from a person’s name, Boole.  Similarly, units of Volts, Amperes, Watts and Farads all 
are capitalized, but seconds isn’t. 

Now, look at the verb, “were gathered”.  That is plural.  This is a grammar error called 
“numbers disagreement.”  The noun is singular but the verb is plural.  Something is wrong.  Is 
there only one equation, or multiple equations?  Since they are “gathered together”, the error is in 
the noun; it should be “equations”.  Notice that the article “The” is still appropriate, even though 
the subject is plural.  We think of “the” as being a singular article.  In this case, “The” calls 
attention to the fact that it is a specific set of equations (in a sense a singular entity made up of 
components) that is the subject.  But, what specific equations?  It’s not an English problem.  The 
reader can’t tell to what equations the writer is referring. 

The words “were gathered together to form the outside logic” doesn’t make sense.  What 
is “outside logic”?  It’s not a term I’m familiar with, or that I found defined.  Speculating, I 
suggest perhaps it is the part of the design that is not included in the GAL.  It takes intimate 
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familiarity with the project to jump to that conclusion.  The writer needs to help the reader if 
that’s what is meant. 

 The term “gathered together” is vague and non-specific.  It’s hard to understand what a 
designer actually does.  Are they simultaneously solved?  Gathered into the waste basket?  
Implemented using discrete logic?  (Knowing more than the writer conveyed, it would seem to 
be the latter.) 

The final clause, “to allow the traffic light to function properly” seems superfluous.  Wouldn’t 
any design be intended to operate properly? 

As rewritten: 

The program WinCUPL was used to compile the design for the GAL16V8 component of 
the system, for a “One Hot” machine design.  Then the Boolean equations were developed 
and implemented for logic outside of the GAL. 

 

Example 7: 

The design was a success, it performed exactly how the scenario was supposed to. 

A semicolon, not a comma, is used to connect the halves of a compound sentence. 

What is “a scenario”?  Usually a scenario is a sequence of events used as one particular 
exemplar for the behavior of a system.  For a traffic light, different scenarios would be a set of 
different sequences in which vehicles might arrive at the intersection, and the traffic light 
signaling that should result in each such case.  A scenario is usually not comprehensive or 
general.  (A set of scenarios should be.)  A state diagram is general, because it describes behavior 
completely.  A set of scenarios (we’ve called them timing diagrams) can be used to derive a 
more general state diagram or table, and a state table can be used to generate example scenarios 
that can be used for test purposes. 

The reason this is discussed is that the student refers to “the scenario” as if one was 
defined for the project (it wasn’t).  The demonstration should show that the traffic light controller 
handles all (or a representative subset) of scenarios which can occur.  So, the problem here is the 
student used the word “scenario” incorrectly; he seems to have meant “prescribed behavior”. 

The subject isn’t quite right.  A “design” is an abstraction, like a plan for construction.  A 
design can be a success, but what actually operates is the machine built to the design.  The word 
‘circuit” is better than using the pronoun referring back to “the design”.  While this is under 
consideration, the technical term for “design requirements” (what the system being designed is 
supposed to do) is a “specification”.  Why not use a form of that very technically specific and 
appropriate word?  The adverb “exactly” adds an emphasis here that may be taken as bragging.  
It’s better omitted, unless there had been so much lack of faith in the designer that the emphasis 
is needed. 

 Also, a preposition is a bad word to end a sentence with. 
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As corrected: 

The design was a success; the circuit performed as specified. 

 

Example 8: 

Once this was done the GAL flowed from state to state as it was intended to. 

This sentence really isn’t too bad.  The word “flowed” to convey a sense of the 
operational behavior is unusual and surprising.  State machines make discrete, discontinuous 
jumps in logic, rather than “flow”, but the writer may reasonably have used this verb 
intentionally to convey a sense of smooth operation.  I’ll credit him with nice artistic imagery, 
and leave that unchanged. 

As in many other problematic sentences, punctuation is needed.  Modern usage seems to 
try to minimize punctuation, but a comma is required after “done” (the introductory clause) and 
after “state” before the conjunction “so”, since this is a compound sentence.  As in the previous 
example, “as specified” is a stronger statement of correct operation than “as it was intended to.” 

As corrected: 

Once this was done, the GAL flowed from state to state as specified. 

 

Example 9: 

WINCUPL was used for the logic to determine when each of the six lights is on and off. 

The verb “used” alone is very vague.  The infinitive “to compile” conveys a precise sense 
of the utility of this programming tool.  Similarly “the logic” could be made more precise.  
“Logic” comes in many forms.  In this case, a “state machine specification” or “Boolean 
equations for state variables of a state machine” could have been meant.  I’ll guess the latter.  It’s 
also worthwhile to indicate that it is “signal lights” that are being controlled. 

As corrected: 

WINCUPL was used to compile the Boolean Equations for the sequential machine state 
variables which determine when each of the six signal lights is on and off. 
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Example 10: 

However, when the design was tested the circuit was unable to properly. 

 Can you read this and think it is a good sentence?  Does something seem missing?  Often 
just rereading one’ 

S work before submitting it will catch obvious errors like this one.  Clearly the verb that needs to 
follow “to properly” is missing.  It seems to need “operate” or “function”.  Again, a required 
comma is missing. 

As corrected: 

However, when the design was tested, the circuit was unable to properly function. 

 

Example 11: 

The design did not work as desired and only output red lights, this may be because the 
sequential logic caused the machine to become stuck in an undefined state where an output 
is sitting in an arbitrary zone and because the red light outputs are being driven by a 
74ls32 they are the only outputs that are received as a one. 

This is another run-on sentence.  Too many different thoughts are merged into a confusing 
stream of consciousness, like a bad dream.  So, the first step is to break it up into separate 
sentences.  Only then can we try to make sense of each one. 

Intermediate step: 

The design did not work as desired and only output red lights.  This may be because the 
sequential logic caused the machine to become stuck in an undefined state.  An undefined 
state is where an output is sitting in an arbitrary zone.  Because the red light outputs are 
being driven by a 74ls32, they are the only outputs that are received as a one. 

Correct wording concerning outputs is tricky.  The word “outputted” seems to awkward 
and informal, and should be avoided.  How about, “The design did not work as desired, and 
only would output active on red lights.”  (Notice the needed comma, as in so many other 
examples.) 

The next sentence seems OK: “This may be because the sequential logic caused the 
machine to become stuck in an undefined state.”  The reader may wonder what an “undefined 
state is, but that question is immediately answered. 

The next component sentence isn’t technically correct, although the English usage is fine.   
An undefined state is where the machine enters a state that it should never enter, due to a 
logical design error or an electronics problem such as noise. 

The last sentence fragment isn’t understandable without reference to material earlier than 
this sentence.  My modification to try and account for this is rather speculative.  One usage issue 
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is that the LSTTL devices should have capitalized letters. “LS” not “ls”.  As usual, there is a 
punctuation error; a semicolon connects a compound sentence with no conjunction.   Because 
the red light outputs are being driven by a 74LS32, and the controlling inputs are all ones; 
they are the only outputs that are displayed as a ones, and hence on. 

As corrected: 

“The design did not work as desired, and only would output active on red lights. 
This may be because the sequential logic caused the machine to become stuck in an 
undefined state. An undefined state is where the machine enters a state that it should never 
enter, due to a logical design error or an electronics problem such as noise.  Because the 
red light outputs are being driven by a 74ls32, and the controlling inputs are all ones; they 
are the only outputs that are displayed ones, and hence on. 



	 75	

Appendix B 
Excel Figures Help and Hints 

 
Overview: 

This appendix is intended to help students use Excel more effectively to generate 
good graphs for transfer into laboratory reports.  It is not intended to be a tutorial on 
Excel, and does not address graphs used for more general purposes.  The problem for 
the laboratory report writer is that the defaults in Excel seem intended to support the 
development of viewgraphs for “slide shows.”  Those defaults often do not work well for 
reports.  Chapter 5 contains information on what we would like graphs to look like when 
they appear in a report.  This chapter addresses how to get them to look like that.  
Appendix E contains some additional information about transporting such graphics into 
a report as it shows examples of such graphics done poorly. 

Excel has evolved considerably in the past and has to be expected to continue.  
Consequently, this appendix will try to explain things in general terms rather than with 
reference to particular items, menu selections, and such.  This edition of the Manual has 
been prepared using Excel 2016.  It is possible that some features and capabilities will 
be eliminated, or made difficult to find or use in the future.  It is hoped that the reader 
will be able to find tools that can accomplish these same things. 

Use of Excel for generating graphs has several advantages.  The graph artwork 
when pasted into a Word document appears as line graphics rather than a pixelated 
graphics image, so that as sizes and shape is changed in the graphic the resolution will 
remain appropriate and sharp.  Furthermore, the graphic in the Word document can 
remain linked to the original Excel file, so that later changes made in Excel are 
automatically reflected in the Word document.  It is also possible to port Excel graphics 
into PowerPoint where additional graphics features such as annotations can be added, 
while still retaining the sharpness of line graphics, prior to pasting into Word. 

 
Simple Graphs: 

The simplest case for graphs seen in reports is one dependent variable plotted 
versus an independent variable, where neither has a particularly wide dynamic range.  
That allows linear (rather than logarithmic) scales to be used for both area.  With only 
one dependent variable, there is no need for a “legend.”  The place to start is with data 
already existing in the Excel spreadsheet.  Here in Table B-1 we use the same capacitor 
example data shown in Chapter 5, as it might have originally been typed in: 

 
Table B-1  Data Table for Graph Example 

Capacitor	Voltage	and	Current	

Time	(s)	 Voltage	(V)	 Current	(mA)	
0	 0	 0.1	

0.1	 1.97	 0.061	
0.2	 3.16	 0.037	
0.3	 3.88	 0.022	
0.4	 4.32	 0.013	
0.5	 4.59	 0.008	
0.7	 4.85	 0.003	
0.9	 4.94	 0.001	
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Since we want a simple graph of one dependent variable, we start with Voltage.  
By doing an “Insert Chart” operation, with the columns for Time and Voltage 
highlighted, and “X-Y Scatter selected, we get the graph shown in Figure B-1 below: 

 

 
Figure B-1  Initial Voltage versus Time Graph 

 
 This isn’t a terrible graph, but there are numerous problems.  Grey or light blue 
rather than black is used, reducing contrast.  The label for the second column was 
turned into a label for the graph, placed over the figure instead of under it.  There are no 
axis labels or units.  There is an undesired box around the figure.  These things can all be 
fixed, but it takes some doing.  We take it step by step: 
 

1. First, delete the title by clicking on it and hit “delete”. 
2. Add axis labels by finding “Add Chart Element” (upper left of the Chart Design 

Toolbar in Excel 2016) and add both Primary Horizontal and Primary Vertical 
Axis Titles. 

3. Replace “Axis Title” on the graph with appropriate labels, “Time (seconds)” for 
the horizontal axis and “Voltage (V)” for the vertical axis. 

4. Remove the outer box.  Double click somewhere on the background outside the 
graph proper (pop-up label “chart area,” not “plot area”).  This brings up a tool 
sub-window for formatting the chart area.  Under the “paint bucket” symbol and 
“Border” item, choose “No Line”.  The figure will no longer be boxed. 

5. To turn grey features to black, you need to click on each of those features in turn 
and change the color to black.  Clicking on the horizontal axis, for example, for 
“Axis Options” under the paint bucket, one can choose the line color to make it 
black rather than grey.  Under “Text Options” the numerical labels for the axis 
can be made black.  The same can be done for the vertical axis.  The graph points 
(or trend line) can be clicked on and the colors changed from blue to black for 
both the line and the points. 
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With these modifications, we get the graph shown in Figure B-2 below.  Further 
modifications could be made to move the labels and stretch the plot area to utilize more 
of the space on the page, but the graph as shown should be satisfactory for most 
purposes.  (Note that in this appendix a “Paste special” was used, and “Microsoft Office 
graphic” was selected, so that the graph was uncoupled from the original Excel file in 
which it originated.  That is the form of past you will usually want to utilize.) 

 

 
Figure B-2  Voltage versus Time Graph as Modified 

 
It is possible that your version of Excel has defaults that present a grey 

background to the chart or have some other undesirable visual features.  You will need 
to track down the chart options that let you fix those problems. 

 
Adding a trendline: 

The graph as shown in Figure B-2 above includes a smoothed line connecting the 
points.  One could also choose straight lines.  But often what is desired is a “fit” of a 
mathematical expression to the data.  This is especially true in a characterization 
exercise.  Excel has some (limited) support for doing that.  What we want is a “trend 
line”.  We can add one (after removing the connecting line).  There are several choices 
for trendline options.  What we need is a “rising exponential”.  Unfortunately, that 
option is not available.  If we were to choose “Polynomial” of order 2, and require that 
the trendline cross the axis where the actual data does, we get the figure B-3 below. 

 
The trendline options include placing the fit equation and the goodness of Fit 

(R2) directly on the graph.  If you need this information, you need to do that, at least 
long enough to copy the information into your document elsewhere.  I don’t like to see 
this on the graph itself, preferring that the goodness of fit issues be addressed explicitly 
in the text if it is important enough to discuss.  There are faculty members and report 
formats that do allow this information to remain on the graph. 
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Figure B-3  Voltage versus Time Graph with Quadratic Polynomial Trendline 
 
The R2 value indicates goodness of fit, with a value of 1.00 being ideal.  The value 

here of about .95 is not particularly good.  That isn’t so surprising, since we know that 
the curve ought to be a rising exponential instead of polynomial.  You can get a better fit 
by increasing the number of polynomial terms, but that still won’t really be what you 
want, a fit to a rising exponential.  MATLAB can do that job for you.  To do it in Excel, 
you have to find a function of the original data that would fit one of the available 
trendline types.  In this case that isn’t difficult.  The value of 5V-Voltage is a falling 
exponential, and that’s an option we have.  See Figure B-4.  (We have not taken the time 
to pretty it up, since all we want is the fit information.)  Applying that information to the 
original chart, we get y=5-5e-4.964t.  (We substitute t for x since it represents time.)  We 
have a goodness of fit for that equation of R2 = .9998.  That’s much better than the 
polynomial fit.  Note that we did need to set the initial value to match exactly 5.0 Volts, 
just as we would set a match for the original chart to be 0.0 for time = 0.  From the 
goodness of fit equation exponent we find a “time constant” of 1/4.964 seconds, so 
RC=.2015.  If we know that R has the value of 1.01KW, we can now calculate C=199 µF. 

 
Figure B-4  Chart used to find the goodness of fit for the rising exponential. 
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The trend line can now be placed on a chart with the original data by adding it as 
a second set of data.  The table in Excel used to do that is shown below, Table B-2.  Each 
trendline value is calculated using the formula, “=5-5*exp(-4.964*E2)” (where E2 was 
the cell containing the corresponding time for t=0), filled down.  The “trendline” data is 
plotted with a connected, smoothed line but no data, and the Voltage data is plotted 
with points but no line.  It looks very much like the graph shown in Figure B-2, since the 
fit was so good.  (It is probably not worth including this graph in a report if the fit 
equation and goodness of fit are cited, since the graph doesn’t add much information.) 
 

Table B-2  Table of data with trendline calculations 
Time	 Voltage	(V)	 trendline	

0	 0	 0	
0.1	 1.97	 1.956409	
0.2	 3.16	 3.147311	
0.3	 3.88	 3.872235	
0.4	 4.32	 4.313509	
0.5	 4.59	 4.582120	
0.7	 4.85	 4.845160	
0.9	 4.94	 4.942626	

 

 
Figure B-5  Graph with trendline added as a second data set 

 
Multiple Sets of Data: 
 Often it is necessary to plot more than one set of data against the independent 
variable.  There are two cases.  In the simplest case, both (or more than two) sets of data 
have similar units and range, and can this be plotted against the same vertical axis.  For 
example, In EE283 students need to plot the impedances of a resistor, capacitor, and 
inductor against frequency.  (Technically, it’s the magnitude of impedance that is 
plotted.)  Since the unit for impedance is Ohms in all three cases, and the results have a 
reasonably similar range, only one vertical axis is needed.  That is a relatively easy case.  
It is necessary to go beyond what is described above to choose a data point symbol and 
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line format that is different from that of the first data set, and a “legend” but be added to 
distinguish the different sets of data. 
 

A more complex case is when we want two sets of data plotted together that have 
very different values and/or units.  Plotting both the Voltage and Current from Table B-
1, we want to get a graph like that shown as Figure B-6. 

 

 
Figure B-6  Graph with two very different quantities plotted. 

 
Plotting two very different quantities together like this requires the use of a 

secondary vertical axis, shown here on the right.  The chart design toolbar “Add Chart 
Element” pull down menu can be used to add a secondary vertical axis.  An axis title can 
be added to go with it.  The line styles and marker shapes need to be distinct.  The 
“legend” identifying which markers and line is which needs to be placed somewhere out 
of the way, but not wasting space. 

 
However, the trickiest issue is to make the grid lines come out usefully consistent.  

While in theory one could use two distinct different styles of horizontal gridlines, that 
would be very confusing.  So, in order to use the same grid lines, the scaling of the two 
vertical axes and the spacing of their major units need to be made consistent so that grid 
lines can be used for either plotted value set.  Here, the first set of data, Voltage, uses a 
scale of 1 to 6 with even numbers of Volts as the major units.  To match that, Current 
uses 0 to .12 with .2 as the major units, both giving 6 major grid lines in addition to the 
horizontal axis. 

 
So, what if there are three very different sets of data that need to be plotted 

together?  One could add yet another vertical axis for each (perhaps requiring later 
editing after copying the graphic out of Excel).  Additional axes are typically placed to 
the left or right of the leftmost or rightmost axis, respectively.  Getting the one set of 
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horizontal grid lines to be consistently useful becomes still trickier.  A second option is 
to adapt the units to the scale that already is in use.  In the example above, current could 
have been plotted in units of .02mA, so that “5” would indicate 5 (.02) mA = 1mA.  This 
option is most attractive if the ratio is a power of 10.  A caution might be placed in the 
text to point out this kind of scaling for a figure.  Of course, one might use different 
charts, but then the value of being able to see different variables changing together is 
lost. 

 
Large Dynamic Range (and logarithmic plotting): 
 

There are two circumstances where a logarithmic plot is needed.  Sometimes the 
trend of the data ought to fall in an exponential or logarithmic pattern, and that 
relationship is best seen in the figure using a semi-log graph, where one or the other axis 
is logarithmic causing the data to appear as a straight line.  The other case is where one 
or more of the axis variables has a very large dynamic range covering orders of 
magnitude. 

 
Examples of the first case include the current vs. Voltage relationship for a diode, 

and the response curve of a Negative Temperature Coefficient (NTC) temperature 
sensor.  An example of plotted diode data is shown in Table B-3 and Figure B-7 below. 

 
Table B-3 Diode Data 
Diode	Response	
Voltage(V)	 Current(A)	

0	 0	
0.2	 0	
0.4	 0	
0.5	 0.0005	
0.55	 0.0031	
0.6	 0.022	
0.65	 0.147	
0.7	 1.02	
0.73	 3.1	

  Figure B-7  Diode Current vs Voltage on linear graph 
 
The problem with this graph is that the reader cannot really discern what is 

happening in the .5V to .6V region.  The points lie so close to the axis that the subtle 
differences are not discernable.  The data for current span 5 orders of magnitude as 
measured.  The zero values for .2V and .4V no doubt reflect the fact that there were 
nonzero currents that were just not measurable; the actual dynamic range would be 
even larger with better equipment. 

 
This is a good case where use of a logarithmic scale for current would be helpful.  

There are two choices.  One is to add a spreadsheet column for the logarithm of current, 
then plot that on a linear scale.  If that is done, the Axis label needs to be “Log10 of 
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Current (A)” or something similar.  It is much preferable to simply change the axis to a 
logarithmic scale.   

 
However, in either case there is a potential problem.  What is the logarithm of 0?  

Yes, before a meaningful log plot can be made, you must get rid of the zeros.  That 
means that the Voltage scale will now no longer include values of 0 to .4.  Figure B-8 
shows a plot with Current on a log scale.  It is now very obvious that the relationship is 
exponential.  The trendline (used instead of a smoothed curve) shows that the curve fits 
an exponential relationship: I=3x10-12 A e 38.16 V with R2=.99993.  Note that minor grid 
lines are shown.  This is particularly helpful on graphs where a logarithmic scale is used, 
because it is more difficult to estimate values between grid lines when the scale is not 
linear. 

 
Figure B-8  Diode Current vs Voltage on a semilog graph 

 
Notice a couple of issues that come up in doing this graph.  One of them is that 

Excel will want to put the horizontal axis at 1 Ampere (or 0 on a linear vertical axis).  
The setting for where the horizontal axis crosses is a Vertical axis setting.  (It can be 
hard to find.)  Tick marks have been added to both axes.  These are especially important 
if you do not use minor grid lines, or if the minor grid lines are very light, as here.  
(Indeed, the minor grid lines should probably have been made darker.) 

 
There will be circumstances where a large dynamic range is coupled to the need 

to show more than one variable, one linear and the other of which is logarithmic.  An 
amplifier frequency response curve is an example.  Figure B-9 shows such a case.   
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Figure B-9  A graph of amplifier frequency response, a “Bode Plot” 
 
The six orders of magnitude variation in frequency demands a logarithmic plot 

for the horizontal axis.  If Amplitude Response was given in Volts per Volt, the dynamic 
range would be .01 (at the bottom) and 100 (at the top).  The discipline (EE) provides a 
solution: The Voltage scale can be converted to deciBels.  Each “Bel” is an order of 
magnitude of power.  Since a factor of 10 increase in Voltage gives a factor of 100 
increase in power, we would convert a factor of 10 for Voltage to be 2 Bels (a factor of 
100 for power, assuming a constant resistive load) or 20 deciBels, abbreviated dB.  That 
allows us to use a linear scale for both Amplitude and Phase response.  If we had to do 
amplitude using a log scale, we’d get figure B-10 below.  Note that the horizontal minor 
gridlines do not match up with the phase scale (but the major gridlines do). 

 

 
Figure B-10  Amplifier response with magnitude in V/V  
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Appendix C  Transporting Figures 
 
Overview: 
 Almost every laboratory report needs figures of some sort.  These may be needed 
to describe an experimental apparatus, the schematic of a system to be tested, graphs of 
laboratory instrument data results, and plots of interpreted or mathematically 
manipulated results.  All of these kinds of figures ultimately need to be transported into 
the writer’s word processing program (here assumed to be Microsoft Word).  Porting 
figures from one program to another can be tricky.  There are usually multiple ways you 
can do it, including the following methods for getting a file or clip that you can paste 
into your laboratory report document: 

1.  Take a photo of the figure on the computer screen with a camera.  (Usually bad!) 
2. Take a screen shot (using “clipping tool”) on the computer to get an image file. 
3. Do a “copy” from the source program and “paste” directly into your document. 
4. Do a copy from the source and paste into a graphics program, fix it up a bit, then 

paste or insert it into your document. 
 
Complicating the issue is the fact that there are two very different forms of 

computer graphics: pixelated images, and line drawings.  An image composed of pixels 
is essentially a grid of points, each of which has a color.  This is typical for things like 
photographs.  The image is characterized by a resolution, typically given in “dots per 
inch” (dpi).  If such an image is stretched or zoomed too much, the individual pixels are 
apparent and the figure looks bad, possibly very bad.  (About 300 dpi is the normal 
standard for acceptable quality in print media, though lower resolution down to 100 dpi 
is sometimes OK.)  Graphics produced by digital photographs, screen shots, and many 
graphics pasted from other programs, are in the form of such images.  File formats such 
as .jpg, .tif, .png, etc. directly support pixelated images.  Figure C-1 shows the upper left 
corner of Figure 2 from Appendix E zoomed to 500%.  The pixels are quite visible. 

 
The other alternative is line drawings, in which the information is not stored as 

pixels, but as a list of lines and other shapes that compose the graphic.  An Excel chart is 
a line graphic, and so are drawings done in PowerPoint.  Line drawings are the basic 
representational principle in CADD software used for engineering.  The advantage is 
that you can zoom an arbitrary amount and sharpness is not lost.  Ultimately the 
drawings must be “rendered” to turn them into pixelated images for printing and 
display on a screen, but that transformation is made during display; the underlying 
representation remains line art that can be pressed to arbitrarily fine resolution.  In 
practice, software applications that support line art also allow integration of the two, 
with drawings including both pixelated images and line art together.  The problem with 
line art is that, except for other Microsoft applications Excel and PowerPoint, it is 
difficult to paste line drawings into Word.  Usually they have to be rendered to pixelated 
images first.  Figure C-2 shows the same zoomed graph as Figure C-1, but pasted in as a 
.pdf, which preserves the line art properties.  It looks a lot better!  At a normal 100% 
zoom, both would probably be acceptable.  But if you need to enlarge a figure, starting 
with a line art representation is much, much better.  Line drawings also typically take 
much less computer storage space than equivalent high resolution image files. 
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(Note: these figures were made by pasting into Word, zooming, then screen capture.) 
 

 
Figure C-1  Zoom 500% of figure pasted in as a pixelated image (.tiff) 

 

 
Figure C-2  Zoom 500% of figure pasted in as a Microsoft Office graphic (line art) 
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This appendix is concerned with the process of getting graphics data and images 

from various sources into Word.  Editing those graphics into a form that is presentable 
is addressed in Chapter 4 concerning figures.  Here the focus is on the porting process, 
so that those nicely constructed figures will also look good in your report.  The 
assumption is that you are not a graphics professional; you are a student limited to the 
commonly available programs.  If you were writing a book, your publisher would use 
professional grade (and expensive) software to do layout, and to port and render 
graphics to a quality expected at today’s textbook prices.  But as a student doing a 
laboratory report, you don’t have the time or resources to do that.  That is also true in 
the professional domain.  If your report is sufficiently important, perhaps it will be given 
a makeover by your firm’s publications department before it is disseminated to 
prospective clients.  Your job is to make the contents as presentable and effective as you 
can within the means you have available. 

 
The remainder of this appendix is in sections that address ports from particular 

software packages that you are likely to use. 
 

Ports from Excel: 
So, you have carefully constructed a graph in Excel and formatted it just how you 

want it to appear in your report.  How do you get it there?  The seemingly obvious 
answer is to “Copy” from Excel and “Paste” into Word.  But there are important 
nuances. 

 
In the Word “Edit” menu, you can find “Paste” and “Paste Special …”.  What 

“Paste” does depends on the defaults that are set for your version of Word.  To fully 
control what happens, do “Paste Special” and choose the option that gives the result you 
want.  The Paste Special dialog box is shown in Figure C-3 below. 

 

 
Figure C-3  Word Paste Special Dialog Box 

 
There are two basic choices at the top: whether to paste in the graphic or whether 

to paste in a link to the graphic.  A link to the graphic allows your Word file to display a 
graphic which actually remains in your Excel file.  If you change the Excel data, the 
graph there will change, and you’ll also see the change in your Word document.  This 
can be useful, but it is also dangerous, since if you sent the Word document to your lab 
partner to review, but not the Excel file, the figure is missing.  It also means that your 



	 88	

Word document may change between when you first print it and later when you have 
done some more with Excel without even having touched the Word document.  Unless 
you are very careful and sure of your reasons for using a link, I’d recommend pasting the 
graph itself rather than just a link.  (These same methods and issues also apply to 
pasting drawings in from PowerPoint.) 

 
When pasting the graphic, you have choices.  If you paste as an Excel Chart 

Object, you can continue to edit the chart after it is in Word using the same tools that 
you have in Excel.  (But, why not do that in Excel before copying?)  A Chart Object may 
be subject to version issues in the future, since it depends on a compatible version of 
Excel.  The option to paste as a Microsoft Office Graphic object is usually best, in that 
the graphic remains in the form of “line art” that can be rendered at arbitrarily fine 
resolution.  However, it may not port to other applications, such as other word 
processors.  The safest ways to paste, if you are concerned with being able to read your 
file sometime in the future or on other platforms, is to paste as a pixelated image (.tiff) 
or as a PDF image.  The PDF image should retain the qualities of line art as Figure C-2 
shown above, while remaining a widely accessible format that should not disappear 
leaving your document with a hole where the figure should be. 

 
Ports from Cadence ORCAD (PSpice): 

Cadence is the company name (and the folder where you’ll find this electronics 
CAD suite of applications), and ORCAD is the particular CAD application used for 
design.  PSpice is the name of the simulation program.  In the early days, PSpice was a 
stand-alone program, with circuits described in text.  The monster has grown 
incrementally so that it is now a very elaborate and comprehensive (and expensive!) 
professional design tool.  Fortunately, a “lite” version is available which supports most 
educational needs.  (The lite version does not include all of the parts you’d like to use, 
and is missing the TIP-31 and TIP-32 power transistors in particular.  There are work-
arounds for that problem though.)  Various other “Spice” programs other than 
ORCAD/PSpice are available, including “LTSpice” often used in EE252.  The following 
material in this manual assumes that graphics are to be ported from the “lite” version of 
ORCADS/PSpice for use in a report, and that the same version was used for design 
schematic capture and simulation. 

 
Two types of content are likely to need porting from ORCAD/PSpice (from now 

on, simply “PSpice”) to the writer’s word processing report document.  Those are 
schematics and simulation results, the latter typically in the form of a graph. 

 
A PSpice schematic typically appears (by default) on the screen as shown in 

Figure C-4.  This figure was made by simple screen capture (using the “snipping tool”) 
after zooming in a bit to make the features larger, and hence to get better resolution of 
the captured image (a .jpg file). 
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Figure C-4  Captured PSpice design schematic (via screen capture) 

 
This may be considered marginally satisfactory as-is, but some improvement is 

possible.  First, notice the visible grid points.  These are important when building the 
circuit on screen, but are a distraction in a figure.  It is possible to get rid of them prior 
to screen capture using the Options menu in PSpice.  Under “Design Template” and 
“Schematic Page Properties” it is possible to make them not be visible.  It is also possible 
to get rid of the drawing frame and title which are generally not required or desired in a 
laboratory report.  (In industry, if you are doing a design package, documentation must 
include the frame, drawing name, version number, date, and the rest of the attributes 
necessary for project configuration control.  That’s not the case for a formal laboratory 
report which, in comparison, is rather informal!)  Figure C-5 shows the dialog boxes. 

  
Figure C-5  Grid and Page Preference Dialogs 
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The color, especially the light green, can be a problem; monochrome is better.  
Fix that in Word after inserting the image.  (Use Picture format/color, choose greyscale.)  
Figure C-6 shows the same schematic rendered in monochrome, omitting grid points.

 
Figure C-6  Captured PSpice design schematic (via screen capture, no grid points) 
 
It may be possible to capture the circuit schematic in a line oriented format.  The 

problem is getting it into a format acceptable to Word.  In PSpice, under the File menu, 
you can “export the design” in .dxf format.  That is a file format native to AutoCAD, so 
you would be able to open that file in AutoCAD.  If you can render an AutoCAD drawing 
in Word as line art, that method can be used for the schematic.  This .dxf file can be also 
opened by LibreOffice (downloadable) and exported as an unsatisfactory pdf. 

 
The second form of figure typically imported from PSpice is simulation results.  

DC circuit values are shown on the schematic and can be copied in the same manner as 
the schematic.  AC values are shown on a graph, typically appearing on the screen as 
shown in Figure C-7.  Notice that this white on black style somewhat resembles what 
might have been seen on an ancient oscilloscope.  It is not the way you want this 
information to appear in a report.  First, you want black on white, not white on black.  
(Save ink or toner!)  Second, you want only the graph proper, not the entire window.  
Third, the lettering is too small.  The labeling is deficient.  Finally, both curves (for input 
and output) are plotted against the same scale, so it is difficult to discern details on the 
smaller (input) signal.  Some things can be done to help before trying to port the image. 

 
In the PSpice display window, the “Plot / Axis Settings” allows manipulation of 

the graph in similar ways to what can be done in Excel.  It is possible to choose the range 
of values, add an axis, use a logarithmic scale, and even add additional signals.  Under 
“Tools” / “Options,” the background and foreground colors can be changed to get black 
on white.  Figure C-8 shows the dialog box used to do this superimposed with the 
reversed color scheme.  (It is also possible copy the screen shot into “Paint” and invert 
the colors.  That also results in a white / black reversal, but it also reverses the trace 
colors, which may be undesirable.)  There are additional options for setting the trace 
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colors, the cursor colors, text font, and so forth.  There are not as many options as in 
Excel, but it should be possible to produce an acceptable graphic as a pixelated image. 

 
Figure C-7  PSpice AC data output window 

 

 
Figure C-8  PSpice AC data output after reversing background and foreground colors 



	 92	

What would be more desirable is to get the graph as a line graphic of the quality 
one can expect with Excel.  That is possible, using Excel as an intermediate tool.  The 
key concept is that the simulation data that has been recorded can be “Exported” as a 
text file that Excel can read.  Under the File menu, choose to export as a “.csv” file.  That 
is a text based format that Excel can read.  (You have to tell Excel to look for any 
readable format.)  Once the data is read into Excel, it looks as shown in Figure C-9.  
(Only the first score or so of lines are seen; it’s a long file.)  The three columns are time 
plus the values of the two traces.  Now that the data is in Excel, it can be graphed using 
the usual Excel tools, as shown in Figure C-10. 

 

 
Figure C-9  Excel data from PSpice 

 
It is possible to improve on this graph by changing the units in Excel to milliseconds and 
milliVolts by creating three new columns, derived from the original data by multiplying 
by 1000.  Then the units allow integer numbers, which is a bit more pleasing in 
appearance.  Once the data is in Excel it is possible to get a very presentable figure, and 
it is just as authentic and exact as what was portrayed in the PSpice program originally, 
since it is using the same data.  (This figure was pasted into this manual as a .pdf.) 

 
Many other programs also support the export of data in formats that can be read 

in Excel.  Look for that in other discipline specific applications, for example the National 
Instruments Virtual Instruments (used in SLC224).  Often the acceptable format is 
called a “comma delimited text file” or even just “text”.  Many pieces of test equipment 
support data export to an attached computer using a serial port, USB, or IEEE 488. 
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Figure C-10  PSpice data exported to and rendered using Excel 

 
Ports from MATLAB: 
 The MATLAB program used for doing engineering calculations and programming 
provides facilities for generating plots.  Getting these plots back into a Word document 
in a suitable manner is the issue.  As with other applications used to generate graphs, it 
helps to make the figure as close to what you want as possible before you port it. 

The most basic MATLAB command for creating a graph is “plot”.  It can be used 
to plot one or more sets of values on the vertical axis.  Figure C-11 shows a plot of the 
capacitor Voltage and Current data from Table 1 of Chapter 4.  The figure was saved as a 
.jpg file and inserted into this Word document. Vectors v, a, and t represented the values 
of Voltage, Current, and Time respectively.  These were plotted using the commands: 

 
>> v=[0 1.97 3.16 3.88 4.32 4.59 4.85 4.94]; 
>> t=[0 .1 .2 .3 .4 .5 .7 .9]; 
>> a=[.1 .061 .037 .022 .013 .008 .003 .001]; 
>> plot(t,v,'ko-',t,a,'ks--'); 
 
The text strings included in the plot command make both sets of data plotted in black 
(k), and designates round (o) or square (s) markers and solid (-) or dashed (--) lines.  
The graph shown does not yet have labels or grid lines.  There are commands that can be 
used to do those things.  (The MATLAB “help” documentation is very helpful; use it.)  
The most serious problem, however, is that both dependent variables use the same 
scale, and that cannot produce a satisfactory graph. 

-0.020

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

0.020

-0.40

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

0.40

0.000 0.001 0.002 0.003 0.004 0.005

In
pu
t	V

ol
ta
ge
	(
V)

O
ut
pu
t	
Vo

lta
ge
	(V

)

Time	(seconds)

Output						 				 				 Input



	 94	

 
Figure C-11 MATLAB plot of two variables using the ‘plot’ function 

 
There is a plot command that provides two axes, ‘plotyy’.  That command does 

not allow such easy specification of markers and lines, however.  One must accept 
defaults or use separate (and more complicated) commands later to set the colors and 
other attributes.  The use of the command plotyy as follows produces Figure C-12. 

 
>> [AX,H1,H2]=plotyy(t,v,t,a,'plot'); % default axes are blue, green. 
 

 
Figure C-12  MATLAB plot of two variables using ‘plotyy’ command 

 
The command without the “[AX,H1,H2]=” would do the same thing, but returning 

the axis pointer AX and data pointers H1 and H2 allows subsequent commands to 
improve the figure.  In this case, the commands executed subsequently were: 
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>> set(H1,'Color','k'); 
>> set(H2,'Color','k'); 
>> set(H1,'LineStyle','-'); 
>> set(H2,'LineStyle','--'); 
>> set(H1,'MarkerFaceColor','k'); 
>> set(get(AX(1),'Ylabel'),'Color','k'); 
>> set(get(AX(2),'Ylabel'),'Color','k'); 
>> grid on; 
 
These produced the graph shown in Figure C-13 below.  This still has problems.  

Markers need to be specified and the vertical axes and labels need to be colored black. 
 

 
Figure C-13  MATLAB modified ‘plotyy’ figure 

 
MATLAB provides a second way of editing figures, in the figure window, once 

they are produced.  In the “Views” menu of that window, the Properties Editor can be 
invoked, which allows direct access to the various attributes of axes, the figure 
background, and various other things.  Using the tools therein, the figure above was 
edited to the form shown in Figure C-14 (on next page). 

 
It is also possible to build up a plot in MATLAB line by line, adding and editing 

the properties of axes as you go.  See the MATLAB documentation of how to do plots 
with multiple axes.  That is probably the best way to do more complex graphs, such as 
one having multiple variables, with some being linear and some being logarithmic.  
Simpler log plots can use the ‘loglog’, ‘semilogx’ or ‘semilogy’ commands.  MATLAB also 
supports three dimensional plots.  These topics are beyond the scope of what this 
manual can address.  Our main concern here is how to get those figures back into a 
Word document.  Figured C-11 to C-13 were ported by saving them as .jpg files within 
MATLAB, then inserting them into the Word document as pixelated graphics.  That does 
not necessarily produce the best graphic, but it is simple, and adequate in many cases. 
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Figure C-14  MATLAB graph after editing in the figure editing window. 

 
Figure C-14 was saved from MATLAB as an “.emf” fomat file, which stands for 

“Enhanced Metafile”.  The file opened in LibreOffice and from there was pasted into 
Word, but remains pixelated rather than a line graphic.  (It may be that one of the other 
formats that preserve line features, .ai or .eps, can be used.  Or perhaps more recent 
updates to MATLAB provide a save format that can be transitioned to Word as line art.  
What you don’t want to do is transfer by screen shot; that preserves a grey background.) 

 
Another strategy for getting good graphics is to have MATLAB print out the data 

to be graphed into a comma (or tab) delimited text file that can then be opened in Excel.  
Then Excel can be used to produce a satisfactory graph which can be pasted into Word 
as line art, avoiding the problems with pixelated graphics.  For example, in the MATLAB 
context of the capacitor data above, one could include in a script (or type to the 
command window) the following commands: 

 
>> fp=fopen(‘capdataout.txt’,’w’); 
>> for i=1:8, fprintf(fp,’%f, %f, %f\n’,t(i),v(i),a(i)),end; 
>> fclose(fp); 
 
This produces a comma delimited file.  When opening the file with Excel, it is 

necessary to specify that it is comma delimited text.  Once opened, it appears as seen in 
Figure C-15 below.  (The columns were reformatted to fixed point style.)  Now Excel, 
with all of its graphing tools, can be used to produce the same graph seen earlier as 
Figure 5-1 of Chapter 5, which can be copied in as line art. 

 

 
Figure C-15  Comma delimited text opened by Excel 
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Ports from PowerPoint: 
 
Microsoft PowerPoint is an application for developing “viewgraph” presentations.  

As such it has facilities for drawing diagrams. Word itself has some limited facilities for 
inserting shapes and doing drawing.  In both cases, these drawings are “line art” in the 
sense that they are not rendered into pixels until displayed or printed, and thus 
maintain sharpness while being stretched or otherwise manipulated.  The danger of 
doing this drawing in Word is that the elements may not stay together if they are 
independently placed on a page.  If the document is edited and the drawing is bumped 
to the next page, some but not all elements of the drawing may move, breaking up the 
figure.  This problem can be avoided by ensuring that all figure elements are “grouped” 
(using the “arrange” options).  Using PowerPoint as an application for doing drawings is 
perhaps a better way to ensure that the drawing stays coherent.  Also, Word does not 
have as many tools and options as PowerPoint does.  So, we assume here that 
PowerPoint is essentially used as a drawing program to prepare figures to be pasted into 
Word. 

 
When a new “PowerPoint Presentation” is created, it begins with one “slide” 

(illustration) that has two big text boxes, one for a title and the other for a subtitle and 
other contents.  These are easily deleted, leaving a blank sheet on which one may add 
“shapes” (line art elements) and “pictures” (pixelated images from other files) and “text 
boxes”.  The “shapes” available are many and varied, but include basic lines, boxes, and 
circles or arcs from which one can build up many different complex figure elements.  
Under the “View” menu, on can find under “Guide” the option  to “Snap to Grid”, which 
is essential for drawing with any precision.  The Ruler option under the View menu is 
also very helpful.  Unfortunately, PowerPoint does not provide an option to show the 
grid, but choosing a background (under Format menu, slide background) and a pattern 
fill of “large grid” (with a color change to something like light grey) does give a helpful 
background for drawing, even if not exactly aligned with the grid.  By using the basic 
shapes, using “group” and “align” and tools to change colors, one can build up elements 
of a diagram or schematic such as the “spring” representation seen in Figure C-16 below. 

 

 
Figure C-16  A “spring” from PowerPoint 

 
This particular component was made up of paired arcs, grouped, then duplicated 

three times, then aligned horizontally and grouped again with lines representing the 
connecting terminals.  Eventually, elements can be combined to construct a figure that 
can be ported to Word.   

Figure C-17 shows such a figure, still in Powerpoint, with the background pattern 
visible that helped with aligning elements.  (This is from a “screen shot”)  When 
completed and pasted into Word as a Microsoft Office Graphic Object, be sure to group 
all the figure elements together before copying, or they will very likely  come out 
scattered across the page.  As a graphic object, as you change the size and shape of the 
figure in Word, the text sizes and line widths remain the same rather than changing in 
proportion to size.  (See Figure C-18.)  So, in PowerPoint it is best to make the figure size 



	 98	

comparable to what you will want it to be in Word.  In this case, the line widths (4 points 
in PowerPoint) are too thick and the text boxes, with 18 point lettering, when resized are 
too small to show the text.  It is possible to make some adjustments in PowerPoint, but 
the adjusted grouped figure, even if it looks good in PowerPoint, may not paste correctly 
into Word as seen in Figures C-19 and C-20 below. 

 
Figure C-17  Screen shot of figure as drawn, seen in PowerPoint 

 

 
(Note: text boxes are too small to show the text!) 

 
Figure C-18  Same figure pasted as Microsoft Office Graphic Object then resized smaller 

 

 
Figure C-19  PowerPoint figure with smaller widths, type size, resized while grouped 

 

 
Figure C-20  How PowerPoint figure shown above comes out pasted into Word. 
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PowerPoint is not an adequate substitute for a real drawing program like Adobe 
Illustrator or Visio, but can be useful for doing relatively simple figures like block 
diagrams and schematics.  Graphics brought in from PowerPoint as Microsoft Office 
Graphic Objects are genuine line art and retain their sharpness.  However, there are 
pitfalls.  It is best to construct the diagram in PowerPoint at the same size you will want 
it to appear in Word, and you need to be sure to “Group” the figure into one object prior 
to copying and pasting.  With those precautions, PowerPoint can be a useful tool for 
constructing figures for use in laboratory reports. 

 
Ports from Paint: 
 Microsoft Paint is a simple “accessory” application that can be useful for 
modifying or even creating figures.  The images modified or constructed are pixelated, 
and are limited to the resolution that is available when created.  While it is possible to 
“invert” an image (take a negative of it), more sophisticated tools for adjusting color tint, 
saturation, sharpness and contrast are absent.  Fortunately, tools to do many of those 
things are available in Word.  So, an image can be taken, say from a photograph or an 
application screen shot, annotated in Paint, further manipulated in Word, and give a 
satisfactory figure.  Pasting in such figures is straightforward. 
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Appendix D   Schematic Guide 
 

Introduction: 
 
 This appendix originated a free-standing document to help students in EE283, 
particularly with their first (digital) project.  However, the principles here are also applicable to 
other types of schematics, with allowances for differences.  As it exists now, only electrical 
schematics are covered. 
 
 A schematic generally serves one of two purposes.  First, it is used to illustrate a circuit 
or principle of electrical circuits.  (Mechanical or mixed schematics can represent other types of 
systems.)  Generally, this is the use in which most students encounter schematics, circuit 
diagrams, at first.  The second purpose is as documentation.  In this capacity, the purpose is not 
to teach a concept, but to provide an exact record necessary to communicate the details of the 
circuit to others, for purposes of examination, manufacture, or maintenance.  These purposes are 
quite different, essentially an “engineering drawing.”  Many details do not matter when the 
purpose is to convey an idea, such as the exact part or pin numbering.  A two input AND gate 
performs and AND function; that's all that is important.  But when the same part is documented 
for manufacturing, or for someone who will later do maintenance, the exact placement of 
components and pins will be necessary. 
 
 This appendix is broken into two parts specific to digital and analog circuits, with the 
digital material placed first.  In digital circuits, complexity is usually manifest in the large 
numbers of components and connections, each of which is relatively simple.  In analog circuits, 
the functions performed and the the signals are more complex, while the overall schematic often 
has fewer components.  Each type of circuit has idiosyncrasies, but many of the basic principles 
are similar. 
 
Digital Schematics 

Instructional material, such as directions for a laboratory exercise, often shows logic 
schematics without giving certain details like pin numbers, because they are inessential to the 
illustrative purpose.  But when a student builds the circuit and submits the design, this 
corresponds more closely to the uses of a schematic in industry.  It should allow a person to not 
only see the overview, but relate the circuit particulars to the physical device. 
 
 This chapter (and the document it is derived from) was prepared to describe the kinds of 
features that are required for purposes of documentation, and illustrate those with examples.  It is 
important to remember is that a schematic is a tool for communication.  Always consider what a 
potential user might need to know, and how to convey that information as clearly and simply as 
possible.  In particular companies or industries styles will vary from and have more rules than 
the guidelines below. 
 

Some Basics 
 There are some basic principles to follow in schematics for almost any purpose. 
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1.  Let signals flow generally from left to right.  Where you need to show feedback or other 
signals flowing right to left, bring them back around the outside of the figure keeping clear of the 
forward paths.  (Usually it is desirable to avoid components in the feedback path, unless they 
specifically relate to the principle of feedback.) Components that have distinguishable "input" 
and "output" terminals (true for most digital devices) should have the inputs at left, and outputs 
at right, unless there is very good reason to do otherwise.  See Figure D-1 for an example.  
Secondarily, signals can be shown going top to bottom. 

 
Figure D-1  Left to right signals, with feedback brought back at the bottom 

 
2.  Show Ground connections at the bottom, positive supply connections at the top, and negative 
supply connections at the bottom, of a given part of the schematic.  Exceptions can be made in 
the interests of clarity.  (Occasionally it helps to show all power connections at the bottom.)  
Also, never show ground connections pointed in any direction than toward the bottom of the 
paper, and all others should be up (at the top) or down (if at the bottom of the circuit). 

 
Figure D-2  The way not to show Power and Ground connections. 

 
3.  Do not attempt to show power supply wiring unless the schematic is specifically concerning 
the power supply.  For example, don't try to connect different connections to Ground, or to a 
common +5 Volt supply.  Show individual connections to the supply locally.  This eliminates a 
lot of wiring clutter.  Don't do your schematic as shown in Figure D-2.  Much better is the style 
shown in Figure D-3. 

 

 
Figure D-3  Better way to show Power, Ground connections 
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4.  Avoid unnecessary kinks or jogs in showing connections.  Use straight long lines as much as 
is practical.  Avoid crossings as much as possible consistent with clarity.  If there are several 
related signals, say a 3 bit bus consisting of signals having a significance of 1, 2, and 4 to make a 
3 bit binary number, run these signals together in an organized fashion as much as possible.  
Consider grouping them together as a "bus" allowing the use of one line instead of 3. 
 
5.  For documentation purposes, identify each device and (where necessary) its distinct terminals.  
Use standard labeling conventions:  R1, R2, etc. for resistors, C1, C2, C3 etc. for capacitors, L1 
etc. for inductors, Q1, Q2, etc. for transistors, D1, D2, etc. for diodes, T1 etc. for transformers, 
and U1, U2, etc. for integrated circuits.  (There are other more or less standard labeling that you 
are less likely to encounter, such as V1 etc. for vacuum tubes, X1 for a crystal, and M1, M2, etc. 
for meter movements or FET transistors.)  Since for common resistors the terminal assignment 
does not matter, the terminals do not need to be identified.  For transistors and diodes, the 
symbol identifies the different terminals, such as Anode, Base, and Emitter, so it often is not 
necessary to identify terminals by numbers.  But for integrated circuits, pin numbering is a 
necessity.  For transformers, it is often useful to identify terminals by numbers or by color of 
wire, as they may be identified.  This is particularly true of transformers having several 
windings.  Assign numbers to the devices in a reasonable fashion.  For example, R2 should be 
close to R1 and farther to the right, if the first two resistors a signal encounters are close together. 
 
6.  Label important signals, especially inputs and outputs of your overall circuit or important 
parts of it.  Use meaningful labels.  For simple circuits, things like Vin and Vout are sufficient, 
but on more complex ones you may need more symbols.  Choose names that convey the meaning 
where possible.  For busses (related signals that convey a value, in digital circuits), label signals 
with symbols like D0 to D7 (for 8 data wires, in this example).  In this case D0 would be the 
least significant and D7 would be the most significant bit on this bus.  (Sometimes sequential 
letters, such as D, C, B, A are used.  The first letter (A) in such a group is, by convention, the 
least significant. 
 
7.  Put an easily seen dot where wires connect.  Try to avoid a dotted connection where wires 
exit in both perpendicular directions, since this is easier to mistake the intersection for a crossing 
with no connection.  See Figure D-4 for a few Dos and Don'ts. 

 
Figure D-4  Wiring illustrations. 

 
Parts, Part Numbering, and Pin numbering 

 
 Many electrical devices perform only one function.  A resistor, capacitor, transistor, or 
Op-amp is usually a discrete package.  Digital devices, especially gates, often occur as several 
functional units in one package.  For example, a 74LS08 is a 14 pin device that includes four 2 
input AND gates.  How should this device appear on a schematic?  There are two choices: as a 
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single device, or as 4 separate units.  Figure D-5 below shows what happens if you make each 
device a separate item. 

 
Figure D-5 Digital devices as unitary components  (Don't Do This!) 

 
 The problem here is that the signal from the first AND gate to the second one must wrap 
back around.  This looks like feedback, but it really isn't.  It also requires a wire crossing, which 
is something we would like to avoid if possible.  Once the connections to the other gates and 
inverters are added, this could be quite a mess, since each wire must be brought to a centralized 
location for the device, while the different functions of the units of a given device may not have 
much to do with each other.  Notice that the pin numbers are shown above as they correspond to 
the functional organization of the device, rather than being arranged as the pins are physically.   
 

Also, the Figure D-5 schematic commits you to use a specific gate on IC U2, at the first 
three pins.  But, perhaps later on you will find it more convenient to use the one at pins 11 to 13.  
You either have to go back and fix the schematic or have it wrong.  A better approach is shown 
in Figure D-6. 

 
Figure D-6  Digital devices as individual units  (Preferred) 

 
 Now all signals go left to right, no wires cross, and the relationship of the two AND gates 
to each other is much clearer.  The physical relationship of both AND gates being on the same 
device is established by labeling both gates as "U2."  (The other two may be widely separated 
from this part of the circuit.)  We also do not need to show units that may be left unconnected 
and unused.  No commitment is yet made to which gates on the device will be used for either 
gate shown in the schematic; that’s a decision deferred to a more detailed step in the design 
process. 
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 One occasion when the device symbol may be preferable is when the units work together 
to perform one function.  Suppose we have four related signals representing a binary number, a 
"bus" of 4 bits.  A 74LS86 Quad "Exclusive Or" is used to either invert all of the bits or leave 
them uninverted.  (An Exclusive OR has the same function as an OR except that two 1 inputs 
gives a 0 output.)  Figure D-7 shows this.  Notice the signal labeling.  Generally, use numbers 
(often as subscripts) to indicate the place of each of several related signals.  Here D3 would be 
the most significant and D0 the least significant.  (Occasionally, such as on the 74LS160 
counters used in EE283, letters are used to indicate significance, such as D, C, B, and A for 
inputs and QD, QC, QB, and QA for outputs.  Your design may have many such devices, so your 
signal labeling needs to be different so that they can be distinguished.)  If no commitment is 
being made to specific pin numbers at this stage in the design, the pin numbers should be 
deleted. 

 
Figure D-7  Digital device operating on related signals  (OK in special circumstances) 

 
Power connections 

 
 Avoid cluttering up your schematic with power connections.  Notice that none of the 
earlier figures show the power connections to pins 14 and 7.  But you do need to document them.  
For digital circuits, and sometimes others, this is usually done in a table, which can also serve the 
purpose of identifying the specific part number.  The table is generally found in one of the lower 
corners of the schematic.  Figure D-8 shows an example that would apply to the above figures.  
Usually we restrict this to the actual power connections to the device.  Sometimes there are more 
than two.  Note that U5 has two Ground connections.  Pin 14 is not really a power connection; it 
is the Clear signal.  For a signal (as opposed to a power connection) it is usually better to show 
that connection (in this case to ground) in the schematic proper, rather than in this table.  If there 
are several power supplies, say +5, +12, and -12, then there would be more columns in this table. 

 
Figure D-8  Table to show power connections 
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 If you do not include such a table, it is important to label each device as shown in Figure 
D-9 below, so that the reader will know exactly which of the many types of AND gate this is.  
Occasionally this annotation is given as "1/4 74LS08" to indicate that the unit shown is a given 
fraction of the physical device.  Occasionally in such cases (where no table is given) the power 
connections are shown attached to one of the several units in each particular device. 

 
Figure D-9  Units labeled with part type identification. 

 
Organize busses and use subcircuits 

 
 When the various bits on a bus connect to a variety of places, it helps to organize the 
signals as shown in Figure D-10.  Here the bus values and their complements are arranged 
vertically so that it is easy to connect the gates using horizontal wiring.  In this "half adder" the 
two input signals, A and B, and their complements, /A and /B, are shown as a bus, parallel 
signals routed together (rather than as a bus symbol) even though they do not convey a single 
binary value.  This helps organize the schematic.  In larger circuits this becomes much more 
important than in this simple case.  Notice the use of labeled "port" symbols to show that these 
signals connect to something that is off the page (more about that next). 

 
Figure D-10  Illustration of organized sets of signals 

 
 When a design gets too complex, organize it into a hierarchy of subcircuits.  For example, 
rather than include a circuit for a half adder several times, it could be made a separate stand-
alone schematic, and incorporated as if it is a part into a higher level schematic.  For example, 
the half adder schematic could be associated with a created part called a "HalfAdder," several of 
which are incorporated into a 3 bit adder as shown in Figure D-11. 
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Figure D-11  Use of Subcircuits 

 
 The ports of the half adder in Figure D-10 are the "pins" of the five "HalfAdder" parts 
shown in Figure D-11.  The tricky part of this is parts identification, since each HalfAdder may 
use parts of different integrated circuits.  This would probably be best accomplished with a 
separate table than by using the identification scheme shown.  This subcircuit approach works 
best where subcircuits do not share devices.  Notice that, as shown, this 3 bit adder could itself 
be a subcircuit of something more complex.  (Note: the schematics shown in the preceding 
figures were all prepared using Capilano’s Logicworks 3). 
 

Physical layout 
 Some way of identifying where the devices are physically located is usually necessary in 
practical cases in industry.  (This is not necessarily required in assignments.)  A diagram 
showing placement something like that given in Figure D-12 is generally used. 
 

 
Figure D-12  Physical Layout (Floor plan) Example 
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Analog Schematics: 
Analog schematics follow most of the same principles that digital schematics do.  Signal 

flow is generally left to right, power supply wiring is minimized, feedback is most often shown 
at the bottom, and clarity is the preeminent concern.  For analog circuitry, it is usually necessary 
to define more quantitative data.  For examples, resistors will need to be specified by resistance, 
often power rating as well, and tolerance.  So, labeling is often needs more attention.  Figure D-
13 shows a relatively complex analog circuit, the inductive sensor system from EGR222 
Mechatronics.  (This and the following figures were drawn in ORCAD/PSpice 10.0 and 
transferred by screen shot.) 

 

 
Figure D-13  Inductive Sensor Circuit from EGR222 Mechatronics 

 
Notice in this figure the use of “Power” connections (both ground and power supplies) by 

symbol rather than by drawing wires back to the power sources.  That means that the left to right 
horizontal wires (and some of the vertical ones) are signal connections.  The power wiring does 
not distract.  Indeed, the power sources themselves, three of them in this circuit, have been 
removed to the otherwise vacant lower left hand corner where they are there to be seen, but do 
not distract.  Because there are three different power supply Voltages, they are labeled 
correspondingly in the figure as VCC, VEE, and VDD.  That establishes which supply is 
connected where.  (The choice of VDD for a name may seem odd.  The Op-amp needs +/- 12 
Volts, normally labeled VCC and VEE.  Yet, the 5V supply needed for the 74xx digital device, 
also used for the LM555 timer, is also normally labeled VCC.  You can’t use the symbol VCC 
for both.  VDD normally applies to MOSFET circuits, but can reasonably be borrowed in this 
case due to necessity.)  Compare Figure D-13 with Figure D-14, which shows wires for power 
wiring.  It is a lot more difficult to discern the functioning of the circuit. 
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Figure D-13  Same circuit as Figure D-12, but with power wiring shown – cluttered; not as clear! 
 

In a schematic, the alternative of not showing power supply connections at all, and 
referencing them in a table, as for digital schematics, is also acceptable, perhaps even preferable.  
However, if the schematic in PSpice is also being used for simulation, using the power 
arrangements shown are necessary, and might as well be used in the report figure to better show 
the reader how simulation was performed.  The power connections for “U2A”, the 7406 open 
collector inverter device, was not part of the PSpice symbol.  The power supply connections 
were added to the schematic as shown for the sake of the report figure, but don’t actually connect 
to anything.  (The same would be true if you used the generic Op-amp part instead of the 
particular op-amp uA741.) 

 
Note the difference between signals that are grounded, or connected to power, and power 

supply connections.  For the LM555 timer, X1, the signal “Reset” is connected to VDD as a way 
of not causing reset.  Even if you were to remove power supply connections to a table, this 
should remain shown on the schematic. 

 
You may notice (in Figure D-13) that while in most cases component connections to 

ground (or power) are shown with separate ground connections, for example at the bottom of D1, 
R4, and C5, the two components L1 and C3 share a single connection to ground.  That is to 
emphasize that these two components act as a unit to form the “tank” circuit, an LC element that 
resonates at the chosen frequency when no nearby metal object changes the inductance.  That is, 
the shared ground connection indicates a signal importance of the fact that these two components 
connect together at both ends.  Physically, they should be grounded at the same point or in very 
close proximity. 

 
Notice that resistor values have been modified to indicate “1.0K” Ohms instead of “1K” 

in order to show the appropriate number of significant digits for a 5% tolerance resistor.  It 
would be a helpful addition to note on the schematic somewhere that, “All resistors are 1/4W, 
5%.”  It might also be appropriate to annotate capacitors with special characteristics where 
needed.  In this circuit, none of the capacitors happen to be polarized.  Note that power supply 
bypass capacitors are not shown; if they are shown, they would be shown shunted across the 
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respective power supply sources.  Finally, note that some care has been taken to align the ground 
and power symbols for the sake of presentation. 

 
After drawing this circuit, it was edited to compress the spacing as much as possible, 

especially in the lateral direction.  This made it necessary to move some labels, for example L1 
and its value of 100m H.  By compressing laterally, the figure as transferred into Word remains 
legible.  If the figure is so large that even with careful compression it will not be readable, 
consider using a full page and rotating the figure into landscape mode. 

 
A few remarks will be made about PSpice oddities.  This circuit was done with the freely 

downloadable “eval” version, so not all devices needed were available.  In particular, there is no 
“LED” part.  The 1N4002 was used instead, with the label edited.  If accurate LED diode 
electrical behavior was needed, the diode characteristics could be edited.  That’s not necessary 
for a schematic.  The inductor part has terminal numbers.  These could have been edited out.  
Notice that “u” is used to mean “m ”.  You cannot use “M” to mean “Meg” because PSpice is not 
case sensitive, “M” means the same as “m”, “milli-“.  That’s why “Meg” is needed for R4.  For 
the op-amp, pins 1 and 5 are the offset connections, which are not used and are left unconnected.  
For a just a schematic, these could have been omitted.  Variable resistor R2 is actually a three-
terminal potentiometer, that the student adjusts to the value needed to adjust the LM555 circuit to 
give resonance.  It is left labeled a “1K” Ohm part, because that is what it physically is, but in 
simulation the value would be edited as the system is developed to the right value needed.  (In an 
engineering drawing this would be shown as the three-terminal potentiometer; the variable 
resistor symbol is used here because that better describes the function.) 

 
For a report figure, it would have been preferable to change the schematic display 

preferences to suppress the grid points, which show up as a stipple of dots in the figure.  For a 
laboratory report, the inclusion of the grid points might be acceptable as long as they are not 
prominent.  As with digital circuits, it is often helpful to label signals, especially if reference is 
made to those particular signals in the text.  That was not done in this case, so the text would 
need to refer to signals by the part numbers where they appear.  For example, “The DC Voltage 
indicating the degree of resonance is generated at the cathode of D2, then amplified by the op-
amp.” 

 
Conclusion 
 This appendix is a start at things to consider when documenting circuit schematics.  You 
will find that some conventions carry over to other contexts, such as power and mechanical 
systems, and others don't.  Remember that the purpose is clarity in communication.  Always 
think about what your reader will need to know. 
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Appendix E  Graph Figures Gone Bad 
 

This appendix for the Engineering Lab Reports Manual is intended to address common 
errors seen in graph figures in student papers.  Examples are shown of the original figures (and 
titles) from student papers, and then comments will be made on what is wrong.  In a sense, this is 
intended to do for these graphs what the “Sentences Gone Bad” appendix does for simple 
English usage.  However, in most cases the original data or image in a form that could be easily 
modified is not available.  So, in some cases it is not practical to show a “fixed” version of the 
figure, and in other cases the “fix” has been made as superimposed material, where ideally one 
would be better off modifying the original artwork. 
 

Figures fall into several different categories.  At this time, the figures included here are 
either graphs.  Schematics are dealt with in Appendix F.  [At this time, most of the example 
figures have been drawn from student work in EE252.  More ME figures, and EE figures from 
other aspects of EE are needed.  A more varied selection of examples will be sought in the 
future.  Some of those here now are redundant and could be replaced.] 
 
Example 1  Frequency response graph for an amplifier 
	
Original graph (same size as original): 

	

Figure 1: Bode Plot for original bias point 
The original graph was a cut and paste out of a circuit simulator program (LTSpice) with no 
effort to make it more readable or understandable for the report reader.  The problems include: 

1. No label shown on either axis.  The horizontal axis should be Frequency, and the Vertical 
axes “Response” (or |A(f)| or something equivalent) and “Phase Response”.  The axis 
labels already include the units, so you don’t need “Frequency (Hz)”. 

2.  The print is a bit small.  (I’ve seen much smaller!)  If the reader needs a magnifying 
glass to read anything, it is too small.  Here the type is on the borderline of acceptability.  
(Hint: If you want the printing to be larger, you have to either choose axis options in the 
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image source program to make it so, or make the window being copied smaller so that the 
type size is, in comparison, larger.) 

3. There are no grid lines.  One needs a ruler and a pencil to scribe vertical or horizontal 
lines to get any sort of quantitative information from the graph.  The reader should not 
have to do that!  If there are particular point or values of interest, annotate the graph to 
show them!  (Horizontal grid lines need to be done cleverly to avoid confusion when 
plotting two quantities that do not use the same scale, as is the case here.) 

4. There is a thin grey line across the top of the figure.  This is an artifact from the copy and 
paste process.  It should not be there. 

5. The identification “V[n003]” is meaningless.  In the original simulation, this indicated the 
node at which the measurement was made.  That function, if needed, should be in the 
title. 

6. This is a bit of a quibble, but the phase angle for a system with “poles” and “zeros” tends 
to jump in units of 90 degrees.  Annotating the phase with major grid lines of 90 degrees, 
and showing numbers for at least 0, 90, 180, and 270 degrees (or negatives of those) 
would be helpful. 

 
This figure was modified by copying it into a graphics “draw” program, and adding grid 
lines, blocking out the artifacts, and adding labels and annotations.  It is also enlarged so that 
the numbers are more easily read. 

 
As Modified: 

 
 

Figure 2: Bode Plot for original bias point 
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Example 2:  Transient response observation from a circuit simulation. 
(slightly reduced from the original) 

 
Figure 3. Input(green) V.S. output(blue) signals for the common emitter amplifier from Figure 2 
	
	

This is a photograph of the computer monitor rather than being a proper graph.  It shows 
artifacts in the form of reflections.  It is distorted.  (Note that the top horizontal line isn’t 
horizontal.)  The type is unreadable.  The image is light color on black, which will use up lots of 
ink or toner and won’t produce as readable an image on paper as will black on white.  Even a 
simple screen clip done on the computer is better than this!  If you must start with something like 
this, it needs to be redrawn or image processed considerably to clean it up and make it 
presentable.  It’s better to just start over and do it right the first time.  Below is the best I could 
do starting with the image above.  It took a bit of image processing before adding needed axes, 
labels, and annotations to get what is shown below.  It is still slightly distorted. 
 

 
Figure 3. Input and output (larger) signals for the common emitter amplifier from Figure 2 
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Example 3:  Oscilloscope observations of a time domain signal 
 

 
Figure 7. Input- output signal graph for “modification 1” 

As a graph, this is completely unsatisfactory.  There are no axes, labels, and quantities.  
The viewer has no idea what the peak to peak Voltage is, or the frequency.  Furthermore, the 
image is not squared up: the horizontal lines are not horizontal and the vertical lines are not 
vertical.  It is also black background rather than white, which works poorly on paper in a report. 

Occasionally it is important to include actual imagery from an oscilloscope or some other 
instrument in a report.  If you have to start with an image like this, put it into a graphics program 
and rotate it until it is at least close to square.  (Here that’s still a bit problematic because the 
image is “keystoned”.)  Add labels and numbers.  Do a “negative” or other color transformation 
so that when printed in monochrome (black and white) you get a clear image, as seen below. 
 

 
Figure 7. Input- output signals for “modification 1” 
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Example 4:  Transient response graph 

 

Figure 8: Virtual Bench input and output voltages 

In the figure above, rather than prepare a proper graph, the student simply included a 
screen shot of the (virtual) instrument, as if that was an adequate substitute.  It is not.  A proper 
graph figure has axis labels, units, numbers, and a legend to identify the different curves.  This 
image has none of those things.  The student preparing this perhaps thought, “The reader can 
look at the oscilloscope settings and figure all of that out.”  But, the oscilloscope settings are too 
small and blurred to be read.  Moreover, it is the report writer’s responsibility to interpret raw 
results to show and point out what is meaningful.  This figure essentially says, “You figure it all 
out; I don’t have time.”  Or, “This isn’t important enough to do properly.”  Neither conveys a 
favorable impression of the writer. 

The number of cycles shown should be reduced so that the features can be enlarged.  
Seeing 11 identical cycles doesn’t add to what showing three cycles would have conveyed to the 
reader.  In this case, the original figure submitted by the student in his lab report did not have 
enough resolution to “fix it up”.  No “fixed up” version of this one can be shown, but it would 
have looked much like the earlier two.  At least in this case the axes are square (and there is no 
keystoning) because it was done via screen capture rather than a camera. 
 
Example 5:  Simulation Transient Response graph: 
 

 

Figure 4: Transient Display for the Common Emitter Amplifier 
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 This is from a circuit simulator.  The numbers are way too small to read, there are no grid 
lines, and there is a thick black border artifact that should be removed.  In a report, usually 
figures should not have borders.  There are no labels for either axis, and nothing identifies which 
curve is which (there is no legend).  In reworking this figure, the left half is expanded to show 
fewer cycles with the lettering larger and more readable.  (It has also been changed to greyscale 
to save image storage space.)  Gridlines and annotations were added. 
 

 
Figure 4: Transient Display for the Common Emitter Amplifier 

 
Example 6:  Magnitude response plot for an amplifier, from lab data 
	

	
Figure 7: Bode Plot 
 

This is typical of a figure prepared from a table of data taken during a lab exercise, with 
Excel used to produce the figure.  It is titled a “Bode Plot”.  A Bode plot actually includes two 
graphs, one for Magnitude (as here) and one for Phase (not shown).  So this should properly be 
titled “Magnitude Bode Plot for the Amplifier.”  The figure and title should be centered. 
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Apparently the student was in such a hurry that he didn’t bother to put in a vertical axis 

title.  “Axis title” as a title is not useful, and does not give units.  For a Bode Plot, the vertical 
axis should be in dB (deciBels).  The logarithmic vertical scale is equivalent to that, but not quite 
the same. 
 

The horizontal scale, in Hz, is a bit problematic because of the large range.  By the right 
side of the figure, seven digits are needed.  It would be better to shift to 1K for 1000 and 1M for 
1000000.  If one needed a frequency scale over many orders of magnitude, this is preferable for a 
clearly readable graph.  That modification probably cannot be easily done in Excel; you may 
have to do it with image postprocessing before pasting your figure into Word.  Note that the 
leftmost frequency should have been 10 Hz, not 1 Hz, since there is no data between those 
frequencies.  Also, Frequency should be capitalized since it is a title, if only for an axis. 
 

Some additional details:  There should be no border.  The labels, numbers, and axes 
should be black, not grey.  (Grey is OK for grid lines perhaps, but when copied on a typical 
copier, grey lines may become black or disappear.) 
 
Example 7  Bode plot frequency response from experimental data 
 

 
Figure 13. Experimental Data for frequency V.S. gain. Notice the drop off towards the mega 

frequencies as Cmiller begins to take over. Reference Figure 15 for comparison with simulated 
results. 

 
 Here is another graph similar to that of Example 6 above.  This one has more things 
wrong.  First, there should be no title above the figure; there will already be a title below it.  
Titles above are for viewgraphs in presentations.  In papers, figure numbers and titles are below 
the figure.  Here, the figure title has another problem.  It is too long!  The writer tried to have the 
figure title substitute for text in his paper.  A figure title should be short, identifying with 
sufficient precision what is being shown.  Explanations should be made in the text, preferably.  If 
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an explanatory note is needed in the figure proper, it should be included as an annotation in the 
figure itself.  Also, the abbreviation for “versus” is “vs.”, not “V.S.” 
 
 There are no vertical grid lines; there should be.  The horizontal axis should start at 100 
Hz, not 1 Hz.  Whether individual data points are marked (as in the previous example, but not 
here), that is a choice of the author.  When the number of data points is small, they are usually 
shown.  When they are numerous, they can add confusion and clutter, and may be omitted, 
perhaps with error bars or other methods used to show scatter if applicable.  As with the previous 
case, the frame should be omitted, and frequency notation in KHz or MHz at higher frequencies 
is better though not easily accomplished. 
 
Example 8:  Frequency Response Phase Plot 
 

 
 
Figure 10. Measured common emitter phase response 
 
 Here, again, no title should appear above the figure.  The figure should have no frame, 
and the axes and labeling should be in black.  Light grey often disappears when printed or 
copied.  As with earlier examples, higher frequencies in KHz or MHz is preferred.  The author of 
this figure made an error, by labeling the frequency axis as the Log of frequency.  That is 
incorrect; it is frequency, but on a log scale. 
 
 The phase angle labeling is technically correct.  In this case it is indeed correct to start 
with 0 at the top, since phase shifts in a negative direction with increasing frequency.  But it 
would have been better to configure Excel to label the frequency values in 90 or 45 degree 
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increments rather than 50 degree increments.  It is most important to see where (at what 
frequencies) the phase is close to 180 degrees.  Here, that is between 10KHz and 100KHz, but 
that isn’t obvious.  Similarly, if not every decade is to be represented by a grid line (as here), at 
least be sure to include 1KHz, 1MHz, etc. if those frequencies appear. 
 
 
Example 9:  Another frequency response plot 
 

 
 

Figure 11. Class AB Amplifier at 1/10th Power Studied Graphically - Midband Frequency. 
	

This graph originally took up a whole page.  The reason is that the student was trying to 
give enough resolution to the left edge near the axis, where a lot of the “interesting stuff” 
happens.  (The original print was a bit small, but legible).  The basic problem is that this is a case 
where a log scale should have been used for the horizontal axis. 
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Other problems include the lack of axis labels, absence of useful grid lines, some detritus 

of artifacts at the bottom, and the light green color of the graphs, which likely will not show up, 
or will be very faint, in monochrome.  The labeling and axes seem more grey than black. 
 
Example 10:  Another Frequency Response plot 
 

 

Figure 9: Frequency Response for the amplifier 

	
 This figure shares the problem of including a frame, and grey rather than black axes and 
labeling.  The horizontal axis does not make sense.  It is labeled as being in units of “dBHz”, 
whatever that is.  It should be in units of frequency.  It would seem that perhaps the label should 
have read “Logarithm of Frequency.  Using a log scale is much better. 
 

Another problem is that the horizontal axis is not at the bottom.  There are occasions, 
such as plots of sinusoids and some other waveforms, where an axis placed other than at the 
bottom is appropriate.  Here, the writer has simply accepted the Excel default.  The axis labeling 
needs to be moved to the bottom, in this case to “-30 dB”.  There should be a compelling reason 
for placement other than at the bottom.  For a sinusoid, the placement at zero helps define 
symmetry or a sense of what both the DC and AC components are.  If unity gain was particularly 
important, such as in a feedback system, that might justify an axis at 0 dB (or better, a special 
annotation). 
 

There is no good reason not to connect the dots to form a continuous graph.  The reason 
for not doing so is if a more fully populated graph would show discontinuities, resonances, or 
other odd behavior.  There’s no reason to believe that is the case here. 
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Example 11:  Another Bode plot: 
	

   
9  

Vo/Vin (dB)  

Phase Shift (degrees)  

Figure 2: Frequency Sweep of Common Emitter Amplifier Circuit 
Theoretical (log scale for amplitude, frequency, and phase angle)  

 Aside from missing axis labeling (which the words shown between graph and title were 
supposed to substitute for), this is a case where the image quality of the graph is just not good.  
Perhaps it could have been scaled at larger size before doing a screen capture?  Post-processed 
somehow?  It’s hard to say.  In other respects, this would otherwise be satisfactory.  The grid 
lines are there, and the numbers are small but would be readable except for the quality problem.  
The author did a good job of configuring the source application window and graph prior to doing 
a screen shot. 
 
 
Example 12:  Bode plot for a very wide frequency range: 
	

 

Figure 9: Frequency Response for the second Radio Design 
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This figure suffers from many of the same issues noted earlier, including a lack of grid 

lines, lettering way too small, no axis labels, and the node numbering artifact at the top.  It is an 
interesting graph, with dramatic features at two different resonant frequencies.  On the left at 
(unreadable), there is a notch where the signal is nulled out, and at right a resonant positive peak.  
At each of these resonant features there is a dramatic shift of 180 degrees each in phase.  
Wouldn’t you like to know the frequency where these things happen?  Good luck reading it from 
the graph (especially with no grid lines).  The writer should annotate the figure to give you this 
information, and perhaps also give the size of the spikes in dB.  The behavior of the circuit at 
relatively low frequencies (say, below 1KHz) isn’t particularly interesting or relevant, and could 
have been omitted in the report (perhaps with just a remark).  That would have made it easier to 
give higher resolution to the frequencies of interest.  The authors showed cursors positioned at 
the peak of the passband resonance, but the figure does not have an annotation to give the 
particulars; it was probably put in the text, but on the figure as well would have been helpful.  
Without the annotation, why include the cursor markers?  They are a distraction and may be 
confused with attributes of the phase response. 
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Appendix F  Schematic Figures Gone Bad 
 

This appendix for the Engineering Lab Reports Manual is intended to address common 
errors seen in schematic figures in student papers.  Currently most examples are from EE.  A 
wider variety is desirable. 
 
Example 1  A schematic from LTSpice 
 

	
Figure 3: Designed Common Emitter Amplifier using calculated values. 

 
This is a copy and paste figure from LTSpice.  If this was a notional schematic, the use of 

non-polarized capacitor symbols might be considered acceptable.  But, this figure seems to show 
instead what was built.  The student would not have used non-polarized capacitors for CB, CE, 
or CL.  (Non-polarized ones are typically big and expensive, and you don’t need them.)  Be sure 
to show the polarization correctly. 
 

A second issue is that the bias point Voltages at the transistor terminals are too small.  A 
reader would need a magnifying glass.  Any smaller and they would not be readable at all. 
 

Component units are inconsistent.  Resistances are given in magnitude only with no units, 
such as “4k”, but some capacitors are given in Farads (presumably), as “470uf”.  The proper 
abbreviation for Farads is a capital F.  You should be consistent.  While it is in principle best to 
always give units, in some technical contexts that is often not done, and you need to follow the 
conventions of your application field.  Ask your instructor about this issue if in doubt. 
 

It is odd that some components seem to have been converted to “standard values”, such 
as the 470 uF capacitors, while others, such as the “123k,” resistor have not.  Ensure that the 
schematic is consistent in its level of development. 
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In the simulation, it is perhaps necessary to show the DC supply and its connections.  
However, in a well prepared schematic that is usually not done.  Instead a connection to power is 
shown, and similarly several individual connections to ground would be shown.  The effect is to 
de-emphasize power wiring so that signal connections can be more easily discerned.  Redrawing 
circuits this way for undergraduate laboratory reports may not be required, but you would want 
to do that in industry. 
 

The blue lines may print and copy OK, but it would be better to make all the colors black 
(or white) for printing and copying. 
 
Example 2:  An illustrative schematic: 
 

 
Figure 1: Common Emitter Amplifier Schematic 

 
This schematic is abstract; it shows the circuit configuration for a nominal common 

emitter amplifier without specifying component values.  It appears to have been copied from 
some source, perhaps a textbook.  Or the lab exercise instructions.  Is attribution given? 
 

The second problem is that the figure seems to have been stretched.  It’s dimensions have 
been changed, but not proportionally.  Not that the circle for the Vs source is not round!  
(Holding “shift” when resizing a figure usually ensures that dimensions remain proportional.) 
 

A third problem is an error in the original!  Do resistors RB1 and RB2 connect to the 
transistor base?  If so, there should be a dot there!  As shown, they connect to each other but not 
to the transistor base and capacitor CB.  That’s an error!  Such a circuit won’t work.  (The dots on 
the ground at bottom are slightly offset, and to be consistent there should also be dots where CE 
and CL connect to the transistor terminals. 
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Example 3:  Schematic paste-in from photo 

 
Figure 2. Common emitter amplifier simulation with values 

 
Don’t do this!  The student took a photo of the computer monitor and then pasted the 

image into a laboratory report.  Lines are distorted (not square) and there is an undesirable and 
non-uniform grey background color.  Use screen capture within the computer instead (but then 
you need to get rid of the grey) or a copy and paste of the circuit itself to a program that accepts 
that representation.  In addition, this would be a much better schematic if the long horizontal 
wires were shortened to make the figure more compact.  Note the unsatisfactory connection to 
ground for resistor RB2, the failure to use polarized capacitor symbols, and the “non-standard” 
35K resistor value.  These are not so much figure problems as design and simulation use issues. 
 
 
Example 3:  Schematic Figure from LTSpice: 
	

	
Figure	3.	Common	Emitter	Amplifier	for	Lab	6	

 
This has many of the problems pointed out above, but was captured from the screen 

instead of by photograph.  A graphics program or the picture editing facilities of Word should be 
used to turn the background color from grey to white.  Note the very awkward and distracting 
placement of the DC supply and the lack of polarized capacitor symbols. 
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Example 4: Annotated Schematic 
 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 
Figure 2. Measured DC operating point values  
	

It would seem that this figure was constructed by pasting an image of the circuit from 
LTSpice into Word, then annotating it using Word’s “shapes” that can be added to the page.  A 
problem with this approach is that the annotations are not connected to the image.  If you add or 
subtract lines, things don’t maintain their relative positions.  The “arrange / group” tool can help 
by making all the graphic elements part of the same object.  (I normally do that in PowerPoint or 
some other program before pasting into Word.) 

In many respects this is a very nice figure, and illustrates clearly the bias point values for 
the transistor.  However, black should be used for the wiring and components rather than grey.    
(The LTSpice image should have been picture edited to black before adding the annotations.)  
The DC power supply seems to be overwhelmingly prominent.  A simple arrow connection to 
12V is much preferable.  The arrows should not overlay on the writing (that may have occurred 
in transcription, as this figure was constructed in Word using that programs tools and is not held 
together except by the page layout, as mentioned earlier.  That makes figure re-use very 
difficult.)  I would also not use the same kind of arrows to point to nodes for Voltage as is used 
for currents.  That might cause confusion. 
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Example 5:  Radio Circuit 
	

  
 

Figure 1: RF Amplifier Circuit to receive an AM radio station, using an 
MK484 IC  

At first glance this figure looks pretty good.  However, the placement of R1 and the 
power supply above it consumes a lot of space on the page.  A power connection would look 
better.  A connection is missing from the intersection of the L to C wire just above C4.  As 
shown, this node should connect to something.  Aha!  The negative input of the amplifier should 
come from this node, not AC ground at the top of C4.  Indeed, why are the amplifier terminals 
labeled that way?  The “-“ input should simply be the input, and the “+” input should be ground.  
(To understand this, refer to data for the MK484 device.) 
 

Aside from that, the label “Rearphone” is unfortunate.  It can be read to indicate something 
that suggests an unexpected usage for this device. 
 

Finally, why is there a “C1”, a “C4”, but no “C2” or “C3”?  Component numbering 
should normally be sequential, following the signal flow.  Similarly, where is “R2”? 

 
The Figure number and text, at 16 points, are too large unless this is intended for the 

children’s edition of the report. 
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Example 6:  Diagram showing mechanical placement of Strain Gauges: 
 

 
Figure 1: Strain Gage Locations from A-End of Beam 

 
Here the student used a camera photograph from some source rather than a carefully 

prepared figure.  It was haphazardly aligned, and nothing was done to edit the photograph to 
make the background white or the align the diagram.  This can be taken as evidence that the 
student just doesn’t care enough to do a good job.  Simply scanning the source diagram instead 
of photographing it would produce a much better graphic, shown below.  (Higher resolution 
would help a bit more.)  Notice that below it is aligned, and the background is white.  The image 
below could benefit from being manipulated using Word’s picture editing to make the lines 
darker.  A drawn diagram produced using PowerPoint or some other application producing line 
art would an even better solution.  (The numbers shown should have units, or units need to be 
indicated somewhere else within the figure.  Note that “gauge” can also be legitimately spelled 
“Gage”.)  
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Appendix G 
Example Laboratory Exercise where Things Go Wrong 

 
Introduction: 

This appendix follows a ”Lab 4” laboratory exercise in EE252 that was designed 
to provide surprises.  The intent here is to give an example of how to deal with issues 
when surprises, seemingly wrong behavior, occur in the laboratory.  The origin of this 
appendix is an email message that was sent to the class after the laboratory reports were 
received several years ago.  That response has been modified here to include enough of 
the lab exercise instructions and results to provide a context for understanding the 
context. 
 
Background (to the students): 

There seemed to be some misunderstanding about what the laboratory exercises 
are about.  Yes, they are design exercises.  The context is sort of like what you can expect 
in industry: you are expected to design something and then build a prototype and see if 
it meets expectation.  The report should compare what the circuit or system did 
compared to what it was specified or designed to do.  But these lab exercises are 
intended to also be a learning opportunity – an opportunity for discovery.  This was 
particularly true of this lab exercise.  There were several surprises to be discovered, and 
learned from, along the way.  I’d like to review those. 

 
You should have come into the lab exercise with a basic understanding of the 

three types of bipolar amplifiers: common emitter, common collector, and common 
base.  Common base is the least frequently encountered, but still has its important uses. 
Briefly: 

 
Common Emitter:  Good Voltage gain of AV = -gm (RC || RL).  Current gain is also 

good.  Decent Rin ~ rp.  Decent Rout ~ RC.  It has that 180 degree phase shift that creates 
the Miller effect, limiting high frequency performance. 

 
Common Collector:  Only a bit less than unity Voltage gain, but high current gain 

of about b(RE/(RE+RL).  Good (high) Rin ~ rp + (b+1)(RE||RL).  Good (that is, low) output 
impedance of Rout ~ (rp + RS)/(b+1).  Everything is good except no Voltage gain! 

 
Common Base:  Good Voltage gain of +gm(RC||RL) – the same as common 

emitter.  Less than unity current gain Ai ~ RC/(RC+RL).  How can that be?  Because 
anything you gain with AV comes at the expense of a very, very low input impedance of 
about rp / (b+1).  Rout ~ RC, the same as common emitter.  But, there’s no Miller effect 
since there is no phase inversion. 

 
You have seen what a common emitter amplifier can do.  Now you take the same 

parts and reconfigure them as Common Base.  Instead of grounding CE, you use it as an 
input.  Instead of using CB as the input, you ground it.  It’s as simple as that.  So, coming 
up with the circuit itself is easy.  The Q point and components are the same.  But a 
design is more than just a circuit.  The design process should also indicate what’s 
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expected of the circuit.  Most important is gain.  You calculate AV = gm (RC||RL) or some 
equivalent formula to get just as much gain as you got from the common emitter circuit.  
That is, if you define AV as vout / vin where vin is taken at the input of the amplifier. 
 
The Laboratory Exercise: 

The laboratory exercise had two phases.  First the student was to design and build 
a common base amplifier and find its “midband” gain and input impedance.  A common 
collector output stage would then be added.  The initial amplifier is shown in Figure L-1 
and the amplifier with the common base stage in Figure L-2. 

 

  
Figure L-1  Common Base Amplifier Figure L-2  CB amplifier with CC output 

 
A typical design operating point has Collector Current IC=1.0 mA, VCC=12V, 

VC=8V, and VE=4V.  Using nearest standard values, RC = 3.9KW, RE=3.9KW, RB2= 47KW, 
RB1=68KW should give that operating point, a problem students solved in a previous 
exercise.  RL is specified as 1.0KW, and RS as 100W.  Capacitor values of CE = 470µF, and 
CB, and CC both 10µF, should give a midband good for 1KHz.  Using the gain formula, a 
student would expect the Voltage gain:  

AV=gm (RC||RL) = 38.5 mS (3.9KW || 1KW) = 38.5 mS (.796KW) = 30.6 (V/V) 
 
If the student simulates the circuit with RS of 100W, and when built in the lab, the 

gain is much smaller!  This was (typically) a surprise.  Something has gone wrong!  This 
is the first of several surprises in this exercise. 
 
Discovery #1: 
 

Here’s an opportunity for a discovery.  In the lab (or in simulation) you add in the 
RS=100W, and measuring AV you come up with maybe 10 (6 or 7 for the example case).  
You had calculated something on the order of 100 (in the case above, 30).  At this point, 
several things ought to happen: 
 
 1)  First, you need to notice that there is a discrepancy.  This means recognizing 
that your role in this lab exercise is more than just following directions, taking data, and 
compiling it.  You need to be thinking about what is happening, and whether it is what 
you should have expected.  If you see a factor of 10 difference between designed gain 
and actual gain, or between simulated gain and actual gain, you need to notice.  It helps 
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if you have a table in your results section where you list things like Q point values and 
gain side by side for design expectations, simulation, and lab results. 
 
 2)  Second, you need to care.  It is possible to take the attitude of, “Yeah, there’s a 
big difference, but why should I care?  I’m just doing what the lab directions say to do. 
Once I throw this lab report into the hopper, what difference does it make?”  This is not 
the attitude you want to take to the job market.  You should try to be developing an 
inquiring mind now.  These laboratory exercises are designed to present you with 
surprises like this one.  Take the opportunity.  Be curious.  Wonder what is happening, 
and why.  Is there something from theory that could explain the phenomenon? 
 
 3)  Third, you need to try to explain things.  Why should this happen?  A factor of 
10 difference in gain can’t usually be explained by variations in the values of 5% 
tolerance resistors.  Don’t just guess.  You are becoming an engineer, not just a hacker.  
Don’t just look for excuses, as if it’s your fault that you built something wrong and want 
to avoid the blame.  In this case, such a discrepancy is actually expected.  It’s part of the 
learning exercise!  You have a base of theory which should help you understand things.  
Try to apply it.  How to do that? 
 
 4)  Using your knowledge of theory, construct hypotheses about what might have 
gone wrong.  Then test those hypotheses by making measurements of the operating 
circuit.  The first hypothesis ought to usually be, “Is my transistor operating in the linear 
range?”  That is usually equivalent to, “Is the Q point right?”  If you forgot to turn on the 
power supply, it won’t be.  Easy to find and fix.  But a gain discrepancy is something 
else.  Is the transistor in backwards?  Many transistors will amplify with C and E 
reversed, though with a lousy b.  Ultimately, you should follow the signal through the 
amplifier and see what happens to it.  (In more complicated systems it is also useful to 
inject a signal part way through and see what comes out.) 
 

In this case, when you start probing the circuit, you should note the difference in 
Signal (AC) Voltage on either side of the RS=100W source resistor.  There’s a big 
difference!  The signal almost disappears at the input of the amplifier.  Why?  Going 
back to theory, the Rin of the amplifier is very low.  In effect your source is driving a 
Voltage divider, and the amplifier is only getting the leftover under the 100W resistor.  
So at this point, you should be asking yourself, “Exactly how did I define AV?”  Is it 
vout/vin, or vout/vs, where vin is the AC voltage at the input of the amplifier (after the 
resistor) and vs is the AC Voltage from the Thevenin equivalent source before the 
resistor?  If you have a big discrepancy, then you probably calculated AV one way but 
measured it another way.  Perhaps you were a student that figured this all out.  If so, 
good for you!  But the greater learning occurs when you found a discrepancy, then went 
back and found the error in your design work, and corrected it by making the method 
for calculating AV consistent for all three methods: design, simulation, and laboratory. 
 
Discovery #2: 
 So, we are faced with the fact that from our original signal source, the gain is 
lousy even though from the input of the amplifier it is decent, just as good as common 
emitter.  Even if you get rid of the 100W RS, the signal at the amplifier input is much less 
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than that you dialed up on the signal generator, because of the 75 or 50 W output 
impedance that it has.  You can’t reach inside the signal generator to get to that perfect 
zero impedance source.  It doesn’t exist.  And, it doesn’t exist in most other signal 
sources. 
 
 All of this demonstrates that the very low Rin of the common base amplifier costs 
us something.  It costs us gain anytime the source impedance is not also very low.  So, 
you need to think of that when you are choosing what kind of amplifier to use.  For 
example, a crystal (piezoelectric) microphone has a very high output impedance.  You 
don’t want to use a common base as the first stage of your audio amplifier.  On the other 
hand, a magnetic microphone (or PM speaker used as a microphone) has a low 
impedance.  You could get by with common base for that if you needed to, say, to avoid 
the 180 degree phase shift. 
 
 For many practical cases, we need to find not AV from vin, but AV from vs, the 
Thevenin equivalent source.  That means adding to the gain equation a term for input 
(or insertion) loss:  Rin / (Rin + RS).  When we add this term, we can accurately see the 
impact of using a common base stage with its very low input impedance.  There are still 
times when we need to do this, since common base is the only way to get Voltage gain 
without getting the 180 degree phase shift.  (OK, you could instead use a transformer to 
get V gain at the expense of I gain, but they are expensive, bulky, and heavy.)  The same 
concepts also apply to FET’s and vacuum tubes. 
 
Adding the Common Collector Stage: 
 The lab exercise directions specified that RE2 and RL would be 100W each. And Q2 
would be another PN2222 transistor.  The student ought to have calculated the Q point 
values for this variation of the circuit, and the consequent gain, which is the product of 
the gains of the two stages.  Recall that the gain of a common collector stage is usually 
just a bit less than unity. 
 
Discovery #3: 
 What happened when you added the Common Collector stage?  What did you 
expect to happen?  What actually does happen?  There are actually two parts to this. 
 
 Discovery #3a: 
 
 You measure the Q point.  You had VC = 8V (or close to that) for just the Common 
Base amplifier.  Now what do you have?  Isn’t it a bit less?  Why should that be?  OK, let 
me go through the steps again, quickly this time: 
 1)  You need to notice. 
 2)  You need to care. 
 3)  You need to ask yourself why. 
 4)  You should construct a hypothesis and test it. 
 

In this case, step 4 isn’t hard.  If VC is lower, there is more current going through 
RC than before.  But the bias circuit on Q1 has not changed; VC should be the same.  (You 
can check it.  If VC is still well above VE, then IC and IE should be very nearly the same.  
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Checking VE confirms that IC has not changed significantly.)  If the current is going 
through RC but not into the collector, where could it be going?  With just the Common 
Base transistor, a capacitor should have blocked any DC current from flowing through 
RL.  (If that capacitor was backwards, and leaking, you should have noticed the 
discrepancy between IC and VC.)  There’s only one place the extra current can be going: 
into the base of Q2.  Is that large enough to make up for the observed difference?  Well, 
apply theory to see.  IE for Q2 is easily calculated, and should come out around 60mA.  If 
that is divided by b, that would be equal to IB, the “extra” current through RC. 
 
 Here, you may make a discovery: “b seems lower than it ought to be!  I’ve been 
assuming 200, and the ratio of IB to IC for Q2 comes out less than 100!”  So, again, you 
need to notice, care, ask yourself why, and come up with a hypothesis.  Is the capacitor 
to the load backwards?  That would increase IE by the leakage through the capacitor and 
RL.  Or, maybe the b properties of a transistor vary.  In fact, this is the case.  We often 
assume for design purposes that b is a constant.  It isn’t; it’s only approximately 
constant, and that’s if we are considering a fairly narrow range of Q point currents, say 
in the .1 to 10 mA range.  At 60 mA, the b is lower.  Think about the TIP-31.  At 1A the 
spec for b is “at least 25.”  At 3A it’s only “At least 10.”  If you put a TIP-31 in your DMM 
and test it for hfe (b), you might see 400.  (Look back to EE251 material on BJT’s.) 
 
 So, now that you have made this discovery, what do you do about it?  What you 
ought to do is go back and correct your design calculations, specifically Q point, to 
reflect a somewhat different reality than you expected.  This has potential implications 
for AC performance if b for Q2 is lower than expected.  Check you AC gains, too.  You 
want your design understanding to match reality as best you can. 
 
 Discovery #3b: 
 You measure amplifier gain, and you find that it’s greater than with the Common 
Base (CB) stage alone.  Did you expect this?  Let’s think about it.  If you calculated gain 
for the CB stage, and if you use that same gain for the CB + CE design, then you expect 
gain to go down slightly, not up, when you add the CC stage, which has less than unity 
gain.  Right? 
 

At this point, you need to 1) notice, 2) care, and 3) ask yourself why.  Something 
you assumed in your design calculations is not right.  Time to start building debugging 
hypotheses.  Let’s suppose: 

 
Hypothesis #1:  Theory notwithstanding, the CC stage DOES give Voltage gain 

after all.  This can be tested.  Look at the AC signal before the CC stage (at the Q1 
collector).  That’s even bigger than the output!  So the CC stage has less than unity gain 
as expected, and the CB amplifies more than it did before.  This is useful information, 
and should move us to: 

 
Hypothesis #2:  Something is wrong with “AV = gm (RC || RL).”  Well, yes!  The 

original RL isn’t in the circuit anymore!  What has taken its place?  Rin of Q2.  So, 
calculate what that is and put it back into your gain equation.  More gain!  Aha! 
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So, finally, you should go back to your design work and fix this.  You ultimately 

want your use of theory to explain what happened. 
 
Discovery #4: 
 
 There’s anoher possible reason for having less than the expected gain, even after 
taking into account the low input impedance effects.  Are you in midband?  Our gain 
calculations are for midband.  We ought to see all the signals pretty close to exactly in 
phase.  But if some capacitor is too small, then the signal will shift away from 0 degrees.  
This requires that you notice the phase.  Did you?  If you are not seeing 0 degrees, 
something is wrong, and that something has to do with AC.  If you are at a low 
frequency, say 100 to 1K Hz, that’s most likely a low end problem with one of the 
capacitors you put into the circuit, not a parasitic capacitance issue.  So, you need to ask 
yourself, for each capacitor, “Is it big enough?”  A hacker solves this by making all of 
them huge.  Say, throwing 1F at each.  But having a capacitor too big is a problem too.  
It’s expensive, heavier, and bigger.  So for practical cost purposes you want “just big 
enough.”  But electrically, a too-big capacitor makes your startup / power-on transients 
longer – it may take too long to reach the desired operating Q point.  Even seconds or 
tens of seconds.  Things are not stable on the scope.  It’s hard to understand what is 
going on; it seems random. 
 

The engineering approach is to calculate where your poles are.  What resistance 
does each capacitor see looking at the rest of the circuit?  What is the corresponding 
time constant and frequency?  Are all of those well below my operating frequency? 
 

You were instructed to use a “big” capacitor for CE.  10 uF is good for the 
capacitors on the base and collector.  But is it adequate for the CC output coupling?  
Now we are driving RL=100W.  What is the output Rout of the CC stage?  Looking into the 
emitter of the CC transistor, we see (rp + RC)/(b + 1).  This is very much like looking into 
the emitter input of a common base circuit.  So, essentially, we see RC divided by 100 or 
so, something less than 100W.  So if RC is about 100W times 10 uF, we only have a time 
constant of 1 msec, corresponding to a frequency of 160Hz.  That’s probably below the 
frequency you were using, or might be close enough to have an effect.  Did you notice 
the phase shift?  Maybe there wasn’t one.  But if there was, did you care?  Ask why?  If 
you did, you had an interesting discovery to make.  If you were in too much of a hurry 
and failed the above wisdom and intelligence checks, you missed a learning opportunity. 

 
Discovery #5: 
 
 So, if we connect CB+CC, we get some good gain and can drive a decent load.  If 
we want to avoid the 180 degree phase shift of CE and its Miller effect, what other choice 
do we have?  Well, we could have done CC then CB: same thing but cascaded in the 
other order.  Well, that’s nothing but a differential amplifier, with the signal applied to 
the “+” input and the output taken to ground instead of across the collectors.  So, does 
differential do better?  The short answer is “yes, at least sometimes”.  The input 
impedance is double what you get with CE (good!).  The gain is half what you get with 
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CE (and CB alone).  How can that be?  Because the input impedance of the CB stage is so 
low, the CC stage gain is only ½ instead of being almost unity.  The optional extra part 
for this exercise with the differential amplifier was supposed to help understand this.  
Unfortunately, that’s just too much for this one lab exercise.  Some of you will do a 
“Differential amplifier” later.  Think about it as CC+CB when operated single ended. 
 
Discovery #6: 
 Things in reality don’t always match theory and simulation.  Those wires back to 
the power supply are inductors.  There’s distributed capacitance everywhere.  
Electrolytic capacitors look like inductors, not capacitors, at high frequencies.  Some of 
you saw the consequences in the form of 50 MHz or so oscillations.  Those need to be 
suppressed.  We used bypass capacitors for the power and added (or enhanced) high 
frequency poles in the circuit by putting small capacitors to ground at circuit nodes (the 
input node in particular).  To understand oscillation, you need more theory than you 
have now.  It’s possible to get oscillation at low frequencies as well as high frequencies in 
multi-stage amplifiers.  You will see other discrepancies between simulation and reality 
as we move into power amplifiers and especially the radio circuits. 
 
Discovery #7: 
 So, your amplifier is operating in CB+CC mode and cooking away, pumping out a 
reasonably good gain consistent with your adjusted predictions.  Hmmm, what’s that 
you smell?  You try touching components to see if they are hot.  Ow!  RE2 is indeed hot, 
maybe even smoking!  Or, perhaps Q2 (the CC transistor) suddenly fails.  How did that 
happen?  Maybe you just assumed the transistor is bad, or just didn’t even notice the hot 
RE2.  But if you did, you had a discovery to make.  Why are these things hot, and possibly 
failing?  What’s a reasonable hypothesis?  “Maybe they are dissipating too much power.”  
That’s usually what makes things hot.  The question then becomes whether that is by 
error or fault in the components or circuit, or by the nature of the design.  If you found 
VC1 to be about 7.5 Volts, then VE2 is .7V below that, around 6.8V.  All the DC current 
through Q2 has to go through the 100W RE2, so that resistor must be dissipating about 
.46 Watts.  If it is a 1/4W resistor, it will get very hot and may fail.  If it is a 1/2W resistor 
it will still get hot, but shouldn’t fail.  The transistor is also about at its maximum 
dissipation limit.  It may fail.  The resistor problem can be fixed: use a 1/2W resistor (or 
perhaps use two ¼ W resistors in series or parallel).  For the transistor, it’s a tougher 
problem.  The best solution would be to use the 2N2222 transistor in the TO-18 
package, electrically identical but able to handle more power (1/2 W).  It’s also possible 
to improvise a small heat sink for such transistors.  Or you could use a different 
transistor that can handle more power.  But that’s beyond the scope of what we were 
prepared to do in the lab. 
 
Conclusion: 

Please, for the sake of your education, approach the laboratory exercises as an 
opportunity for discovery.  Look for discrepancies.  Ask why when you find one.  Think 
about how theory might help explain what you see.  Remark in your report on 
discoveries and how you explain them, or honestly leave the question open if you can’t.  
The point of the lab report is not to prove that everything went right even if it didn’t.  
You are (probably) not being graded with an emphasis on “Did you get the right 
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answer.”  Yes, there is a small penalty for mistakes, but the major reason for lost credit 
is leaving stuff out or ignoring things that don’t come out right and treating them as if 
they did.  I’d much rather see that you found a problem, and thought about it, even if 
you don’t have an answer. 



Appendix H  Laboratory Record-Keeping 
 
 This appendix has been borrowed from “EE337- Electromagnetics Laboratory 
Experiments,” a laboratory manual by Mr. David Carey used for that class, and modified to be 
more generally applicable.  It is an excellent guide for recordkeeping in the laboratory prior to 
actually writing the formal laboratory report, and includes some guidance for the lab report itself.  
A particular laboratory class may or may not have a requirement to keep a laboratory notebook.  
In some, only a record of data recorded in the laboratory is required.  However, the material 
below reflects good practice even when not required.  This advice should be helpful.  In essence, 
a good laboratory notebook is a draft report, containing in preliminary form most of the material 
that will eventually be in the formal report, or at least that part that is performed in the 
laboratory.  (Preliminary work using simulation should at least be summarized in the laboratory 
record.)  From here on this is Dr. Carey’s work, with the more important editorial additions 
indicated with brackets. 
 
Background: 

A good laboratory notebook is a must for those engaged in any analysis and design work.  
Such a notebook provides the engineer with an accurate record of all that occurs during a project.  
Good record keeping helps track down errors, acts as a reminder of analysis or design methods 
undertaken during the project, and (as one's career progresses) provides accurate records to 
substantiate patents, copyrights, and other intellectual property documents. 
 

A large (» 8.5"	 ´ 11") bound notebook, such as the National 43-648 Engineering 
Computation Notebook, with paper that withstands occasional erasures, should be used.  Coarse 
(» ¼") cross-ruled pages are preferred since they are useful for entering sketches, and tabular and 
crude graphical data.  Everything that is committed to paper should be put in the notebook, 
including hardcopy of computer analysis (tape or glue the print outs in the notebook).  Avoid notes 
on loose pages: such scraps of paper are often lost.  Avoid erasures whenever reasonable: errors 
should be corrected by crossing them out (what seems to be an error at first may not actually be an 
error).  Write only on the right hand facing pages of an open notebook: the left pages are for 
afterthoughts and exploratory calculations and may be used in place of scratch paper. 
 
I Guidelines for a good laboratory notebook 

A. Heading of the experiment 
Copy the laboratory number and the name of the experiment or laboratory exercise to the 

laboratory notebook. Write down the date of the laboratory exercise, the name of each member 
of your group, and the equipment used (Part Number, Serial Numbers and Name). 

B. Original data in the notebook 
The notebook is a record of all relevant designs, observations, hypotheses, and analyses 

that occurred during the course of the exercise:	the work should be reproducible 
solely from the notebook.		Careful descriptions of the procedure and the experimental 
"set-up", in the engineer's own words, are essential.	
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"Diagrammatic" sketches are often preferable to "pictorial" sketches.  Original data must 
be recorded directly into the notebook as it is acquired.  If errors are later found or if calibration 
measurements are used to correct data, these revised readings should also be recorded without 
deleting the original data.  If multiple readings are taken and then averaged, record all of the data 
as well as the average value.  The data should be arranged in tabular form when appropriate and 
each item or table should be properly labeled.  Initial and date the lower right hand corner of the 
right hand facing page. 

C. Housekeeping deletions 
A notebook combining all work might become a mess, with a proliferation of erroneous 

and superseded material.  Matters can be improved greatly with a little housekeeping work.  Just 
draw a box around any erroneous or unnecessary material and hatch three or four lines across this 
box.  This way the deleted material can be used in the future if the first idea was correct after all.  
Append a note to the margin of the box with an explanation of the error. 
 

Keep notes current, from minute to minute, as the laboratory work progresses.  While 
formal reports will be assigned, this notebook is the primary record of the laboratory work [for 
EE337 when this document originated and possibly in other courses]. 

D. Remarks and sketches 
As stated previously, diagrammatic sketches are often the simplest and clearest way to 

define the various quantities indicated in a data table:	 a phrase or sentence 
introducing each table or calculation is essential for making sense 
out of the notebook record.	 When a useful result occurs at any stage, it should be 
described with at least a word or phrase.  At the end of an experiment or other laboratory exercise, 
some sort of written comment, usually including a brief summary table of results, is needed. 

E. Graphs 
Hand-drawn graphs or computer output may be attached into the notebook with glue or 

transparent adhesive tape.  Original data in graphic form should also be fastened directly into the 
notebook.  The graphs must be properly labeled with a descriptive title in an unused portion of the 
graph.  Appropriate scales must be indicated.  Graphs must have abscissas and ordinates, which 
always require labeling.  Data should never be directly plotted on a graph 
without first entering the data in an accompanying data table.  [In 
the case of data dumped into a large file from a laboratory instrument, from which graphs are 
constructed in Excel, copying the entire file into the laboratory notebook, or even printing it to 
paper, may be impractical.  At the very least, indicate the file name and the path that might be used 
to find it in your computer archives.] 

F. Data and results 
A neat summary of data and results will make the notebook more meaningful for both the 

experimenter and evaluator.  Comparisons to theory or expectations are required.  [In an 
experiment, you need to comment on whether the hypothesis is confirmed, denied, or remains 
unconfirmed but cannot be shown to be wrong.]  Reasons for variations from theory and 
expectations must also be given whenever possible.  Comments and conclusions should 
accompany any summary. 
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H. Partners and the work ethic 
Limitations on equipment and space often require that to or more work together on a given 

experiment or project.  Usually, a group of two produces an efficient work team in the instructional 
format.  Additionally, it is often stimulating to be able to discuss the work as its progresses with a 
partner.	 	 Each experimenter will perform completely independent 
calculations and keep a separate laboratory notebook [Applicable 
to EE337, check for other classes].  Mistakes in calculations are inevitable: the 
more independent the calculations are between partners, the more complete is the check against 
mistakes.  Poor results on experiments are often the result of computational errors. 

I. Completion of work [pertaining to EE337] 
Calculations, graphing, and miscellaneous discussions should be completed before 

leaving the laboratory.  The laboratory instructor will check the laboratory notebook every day 
before the experimenter is excused.  The laboratory will be evaluated for a grade.  Additionally 
written comments, suggestions, or questions will be entered by the instructor.  

 
The same laboratory notebook standards will be used for those 

laboratory exercises requiring formal reports. 
	
Seek the help of the laboratory instructor to deepen your understanding of the subject being 

investigated. 

J. Formal Laboratory Reports [Specific instructions for EE337] 
Engineers are often required to present experimental evidence to an outside evaluator.  A 

formal report is often the medium for presentation.  A report should be written so that the reader 
can easily follow it.  It should clearly convey the reasoning which led to the experimental 
method used and the particular results obtained.  The technical level of the report should be such 
that a peer can readily comprehend the results.  While the format for the report can vary, all 
reports will contain the following information: 

• Title of the experiment or exercise 
• Purpose of the experiment or exercise 
• Description of the experimental apparatus 
• Identification of the individuals conducting the laboratory exercise 
• Description of the exercise procedure 
• Experimental results 

o Data summaries (tables, graphs, etc.) 
o Computations and analysis 

• Conclusions including comparisons to theory and expectations 
• Appendices with supporting material 
 

It is particularly important to annotate the "Experimental results" section so that the reader 
can understand the significance of each table, graph, etc.  Conclusions and comparisons to theory 
and expectations should be quantitative whenever possible.  Variation expressed as a percentage 
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usually carries greater significance than absolute variation.  Reasons for the variations must also 
be given whenever possible. 
 

Reports should be typed on one side of standard 8.5"	´ 11" paper.  Computer outputs and 
other supporting material may be included in appendices.  The report need not be lengthy or 
elaborate.  However, it must be neat and well organized.  Use good grammar and correct spelling. 
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Appendix I Debugging Guide for Digital Circuits 
 
Introduction: 
 This appendix was originally a free standing document.  It is placed here as an appendix 
because it does not directly relate to writing a lab report, but this is a practical way to ensure it is 
distributed to students enrolled in EE283. 

The course EE283 Electrical Measurements Lab features two projects that involve 
construction and demonstrations of digital circuits.  The first of these is a combinational circuit 
that converts a four bit Grey Code value into binary, which is displayed using a seven segment 
decoder.  The circuit is constructed on a solderless breadboard, using 74LS TTL integrated 
circuits.  The second circuit is a digital counter / timer, also using the same technology. 

The problem with both projects is that the circuits are constructed and tested outside of 
scheduled class hours.  While there are open lab periods where students can seek help, there is a 
tendency to delay work on the project too long to take advantage of this opportunity.  In addition, 
the graduate students in the lab at those times do not themselves have extensive experience with 
debugging.  Diagnosis and debugging is very seldom addressed in classes or texts, leaving 
students without any good principles to follow in debugging their projects.  It is usually a skill 
that must be learned by doing.  Thus, there is a need for additional material on this subject, 
which this document is intended to address. 

The examples in this guide are drawn primarily from the EE283 Grey Code Decoder 
Project.  If opportunity permits, this document will later be expanded to include more specific 
examples from the counter project. 
 
Basics: 
 When confronted by a circuit that does not work properly, there are several things to 
check first, regardless of the specifics of the particular circuit: 
 

1) Power and Ground: 
Connect a Voltmeter with the common terminal at the power supply Ground, and 

check all of the Power (usually pin 14; pin 16 on 16 pin devices) pins.  You should see 5 
Volts on all of them.  Be sure to put the Voltmeter probe on the  pin of the IC  itself, not 
the breadboard strip.  This is important, because occasionally an IC pin will not go into 
the breadboard properly, as shown in Figure 1.  If this happens to be the power pin, the 
whole IC won’t work. 

 
Figure 1  Testing of pins with a Voltmeter 

After testing all of the power pins, check the Ground pins.  Here, be alert for any slightly 
larger Voltage than what you measure on  the adjacent Ground power bus strip.  A 



	 142	

buckled Ground pin may still have a Voltage close to zero, but usually it is high enough 
to raise suspicions.  Often an IC may even appear to work properly without a good 
ground, but in fact it will fail under at least some conditions. 

 

2)  Check signal pins for odd Voltages 
 It isn’t a bad idea to check the signal pins too.  A signal output should have a 
Voltage either below .5 Volts (a good zero) or above about 3 Volts (a good one).  If you 
see a Voltage in between, there’s a good chance that this output is somehow shorted to 
another output, and they are pulling in opposite directions (a signal “conflict”).  If you 
see this, pull out the wires connected to this output and see if the signal becomes a good 
one or zero.  If so, plug in  the connecting wires one at a time, checking the Voltage after 
each is connected.  When you plug in one and get a bad Voltage, follow the wire and  
look for an error: it is probably connected to another output.  Then go back to your 
schematic to find the problem.  There should never be two outputs connected together.  
(As an exception, with “open collector” and “three state” devices, outputs often are 
connected together.  But we do not use these in EE283.  They do show up in EE241.) 
 When you check input signals, you might see a Voltage of about 1.7 Volts rather 
than a good one or zero.  An input pin (or pins) that are not connected to any output are 
said to be “floating”.  TTL ICs like we are using register a floating input as a “one”, but 
your circuit should not have any floating inputs.  If an input is floating, a connection is 
incorrect or missing.  Try to figure out which.  One possibility is a buckled pin.  
Occasionally a gate, say a 3 input AND, is left with only two inputs, and the third input 
will  be floating, unconnected to anything.  In such cases connect the unused input to 
either one of the other inputs to the gate or through a 1K resistor to 5V power.  It should 
not be left floating.  (Floating inputs in sequential circuits, such as counters, are very 
dangerous.  They pick up switching transients and cause the circuit to behave 
unpredictably.) 

 
3)  Check your inputs: 
In the EE283 Grey Code decoder project, the inputs are taken from DIP switches.  Often 
these are wired incorrectly.  Put your Voltmeter probe on the output signal wire, being 
careful to touch exposed uninsulated wire, as shown in Figure 2.  You should see 5 Volts 
or 0 Volts, depending on which way the switch is set.  Often the DIP switch isn’t pressed 
in firmly, and does not make good contact.  Sometimes resistor leads are clipped to short, 
and do not make good contact.  Often the grounds are missing.  Or the signal is connected 
to the wrong side of the DIP switch.  Notice the principle involved: the resistor is pulling  
the signal up (weakly, since there is a 1K Ohm series resistor) but when the switch closes 
(is “On”) the input is shorted to Ground.  You can actually get by with using a much 
larger resistor most of the time, if power drain (5mA with the switch closed to give a “0”) 
is an issue. 
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Figure 2  Input testing 

 
4) Check your Outputs 

Use either a DIP switch or a probe with a 5V 1K Ohm pull-up (or an equivalent to 
the DIP switch circuit of Figure 2) to test the outputs of your circuit.  You should 
disconnect the circuit from the outputs, then try and make sure that the output devices 
work for all of the combinations of signals they will see. 

For the EE283 Grey Code project, the output circuit includes a 7 segment display 
and a 74LS47 seven segment decoder device, as shown schematically in Figure 3 below.  
The 74LS47 device has some convenient diagnostic features.  The “BR” (Ripple 
Blanking) and “LT” (Lamp Test) inputs should normally be pulled high (using a 1K 
resistor).  You can check the output segments by pulling “LT” low by running a wire 
from Ground to this pin.  (If you use the same resistor to pull up both “LT” and “RB”, 
disconnect the resistor from “LT” first.)  All of the segments of the 7 Segment LED 
display should come on.  If they do not, check the  power to the display, and the various 
resistors and wires connecting the 74LS47 to the display.  Use a Voltmeter at each end of 
each connection, from the 74LS47 pin to the wire connecting the display.  (Do NOT test 
segments with a wire to ground; it will blow out the segment since the common anode for 
the display LEDs are connected directly to power.  You can check the LEDs with a 1K 
resistor probe to ground.)  When RB is pulled down, all segments should go off.  This 
should adequately test the output circuit itself.  

 

 
Figure 3  Seven Segment Decoder Output 
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You can then walk through all 16 combinations of 1’s and 0’s for 4 bit binary values 
DCBA and ensure that you get 0 to 9 and then several weird characters, and blank for 
1111.  (The 74LS47 is designed for and is expecting only decimal numbers.  What it does 
with 1010 to 1110 is arbitrary but predictable.)  Once you have done this, you know that 
the output circuitry is working correctly. 

 
The Example: 
 The debugging process will be illustrated using the variable “C” circuit given in the lab 
instructions, shown in schematic form in Figure 4 below.  One thing that is important for 
debugging is to have a good, properly annotated schematic.  That includes labeling the ICs (U1, 
U2, etc.) and the pins, as shown in the figure.  That way you can find the signals you want to 
check.  The schematic should not try to portray the physical arrangement.  (However, the simpler 
the physical arrangement, the easier debugging is.  Note that most gates go from the “left” end of 
the IC toward the right.  So it makes sense to put the 7404 inverter to the left side, the 7408 AND 
gates (and 7411’s) in the middle,  and the 7432 Ors toward the  right.  That means fewer crossed 
wires, and easier debugging.  Color coding helps a lot too.)  Figure 5 shows a possible physical 
arrangement of this circuit. 

 
Figure 4  Example Combinational Logic Circuit Schematic 

 

 
Figure 5  Circuit as constructed 

The first step is to identify a “fault” condition.  This is a set of values on the inputs that 
produces the wrong output.  For this circuit, let us suppose that when JKLM = 0000 we get 
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C=1.  We know that this is incorrect.  With this input, we should get DCBA=0000.  (We 
might observe erroneous output for other outputs and conditions too, but we concentrate on 
these one at a time.)  So, looking at the schematic, and finding that C=1 where it should be 0, 
we identify the IC and pin from which C comes.  It is U3, pin 6.  We will want to probe this 
node.  You can use a meter.  But if you want to simultaneously probe several nodes, you 
need to use something else.  The simple probe shown in Figure 6 is usually effective.  This 
probe will indicate when you have a “1” on a signal.  It won’t indicate that you have a bad 
“0” or floating value.  For that, use the probe shown in Figure 7. 

 

 
Figure 6  Simple Probe 

 

 
Figure 7  A Better Probe 

 
With the two LED probe, the Green LED on shows a good “1”, the Red LED on shows a 

good “0” and both on dimly shows that the probe is either not connected to a good output or it is 
a floating node.  (If neither is on, check power!) 

So, now probe pin 6 of U3.  We see a “1”, the expected wrong value.  Now it’s time to 
apply logic.  U3 is an “OR” gate.  The only way we can get a “1” out (if it is working correctly) 
is if one or the other inputs are “1”.  Since we should be getting out a “0”, then both inputs 
should be “0”.  One of them must be, erroneously, a “1” instead.  So, we check them.  Putting 
our probe first on pin 5, we find a “0”.  That’s good; it’s what we expected.  So, now we check 
pin 4.  It is a “1”!  It should also be a “0”, but we expected this.  Since we had a fault on “C,” the 
fault had to come from somewhere.  This brings us to the state shown in Figure 8.  The correct 
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values are shown, but for “C” and the signal going into pin 4 of U3 we see “0->1” indicating that 
the fault (wherever it is) has changed the 0 to a 1. 

 

 
Figure 7  Illustrating the Debugging Process 

 
Now, we just apply the same principle over again.  The signal at U3 pin 4 comes from 

where?  Pin 3 of the same device, adjacent.  So we probe pin 4 to see if the fault is present there 
as well.  It is.  Pin 3 is the output of another OR gate, so one of the inputs, pin 2 or pin 1, must be 
wrong.  Probing that, we find that pin 2 is the guilty party.  It is a “1” and should be a “0”, while 
pin 1 is a correctly a “0”.  That means the fault may lie with U2, gate 4-5-6, the gate that feeds 
U3 pin 2.  So, we probe U2, pin 6.  Yes, sure enough, we see a “1”.  It should be a “0”. 

U2 is an AND gate device.  So for the output to be a “1”, both inputs must be “1”.  We 
see that with JKLM=0000, one of the inputs, pin 4, should be a “1” since it comes from an 
inverter connected to “J”.  The fault must lie with pin 5.  (It wouldn’t hurt to check 6 too.)  So, 
we probe pin 5.  We see 1.7 Volts!  (If we are using the probe, we see the LED off, and think this 
is a good “0”, but we’d have missed the symptom.)  It should be a good “0” since this pin is 
connected directly to input “K”.  We go back and check the input “K” at the DIP switch.  It’s 
0.11 Volts, a good zero, as expected.  How can this be?  Looking at the physical arrangement, we 
see that the wire to pin 5 of U2 actually goes to pin 3 of U1.  We check U1, pin 3.  It’s OK!  The 
problem must be in the wire. 

 
Upon closer inspection, we find that the end of the wire is actually broken: The place 

where the insulation was stripped off was nicked, and the wire just appeared to be intact because 
a couple of other wires held it down, hiding the break.  Figure 8 illustrates.  To fix this, we pull 
out the wire, and use a sharp Exacto knife or equivalent to wedge out the broken off fragment (so 
we don’t lose the use of that hole on our breadboard).  We’ll need to be more careful stripping 
wire to avoid such nicks!  Now we replace the wire.  Does C work correctly for JKLM=0000?  
Yes!  So, now we try all the other combinations.  If we fin d another fault, we do the same 
procedure.  Sooner or later, we will find them all, and our circuit will work. 
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Figure 8:  Wire break at the breadboard 
 

Sequential Circuits: 
 For sequential circuits, those that include state storing components such as counters, 
latches, and memory, there are other things that can go wrong.  The combinational subcircuits 
can be debugged separately using the procedures above.  But the sequence may still be wrong, 
usually because of one or more of the following problems. 

1) Failure to “bypass” the power supply adequately. 
This is what tantalum capacitors are for.  There should be one close to each 

sequential IC.  Figure 9 shows one way of doing this.  The Tantalum capacitor could be 
placed on the bus strip instead.  Beware!  Tantalum capacitors are “polarized”.  One side 
needs to be positive with respect to the other.  There should be a small “+” on the positive 
(5V) side, and the positive lead is usually longer (if the leads have not been clipped).  
Somewhere, you should also have a large aluminum electrolytic capacitor (about 1000 
m F is what we usually use) across the power supply (5V to Ground).  That handles the 
lower frequency noise; the tantalums handle the higher frequencies. 

 

 
Figure 9  Tantalum Bypass Capacitor, Example of Use 

2) Be sure that all unused signals, especially clocks and enables, are pulled securely high or 
low.  Usually unused signals need to be pulled high.  You can pull up more than one with 
a single 1K Ohm resistor.  It’s best to pull them up to the same side of the chip where the 
power supply is bypassed. 

3) When you check power and ground, use an oscilloscope if you are having problems.  Any 
power or ground on which you see some sort of signal has a problem.  Look for bad 
connections or broken pins. 
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4) Try substituting a slow “clock” for your normal clock, so that transitions happen slowly 
enough for you to see, and you can probe different points using your meter or an LED 
probe.  (However, probing sensitive points can sometimes create a glitch just from the 
stray capacitance.)  A useful slow pushbutton clock can be formed from two NAND gates 
(or AND + Invert) as shown in Figure 10.  If you do not have a SPDT pushbutton, ask for 
one.  If none is available, you can use two SPST pushbuttons that you push alternately. 

 
Figure 10  “Debounced” pushbutton circuit that you can use as a slow clock 

 
Conclusion: 
 
Debugging is at least as much art as science.  There’s no substitute for creating a circuit with 
faults, and then having to exercise logic and your reasoning ability to find and fix the bugs.  
You learn more by doing this than by building a fault free circuit.  Ultimately, you will find 
that these principles that apply so straightforwardly to these digital circuits apply equally 
well to all sorts of problems, in all sorts of domains. 
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Appendix J  Example Reports 
 
This appendix is intended to give examples of formal laboratory reports.  The format 

details may vary from one particular classes to another, so these are not intended to be used as 
“templates.”  Students in a given class should refer to the Laboratory Manual for that class, if 
there is one, for format and other particulars required for that class or by that instructor.  For 
example, students in EE283 Measurement Lab should consult the example “Ohm’s Law” 
laboratory report example in the class Laboratory Manual.  (However, note that that manual, for 
the example laboratory report section, figure and table numbering in that example conform to the 
chapter in a book format, since the report is one of the chapters, while yours should be simply 
“Figure 1” and “Table 1” and so forth because your laboratory report stands on its own.)  In the 
examples below, the figure and table numbers are given as for a normal lab report. 

 
These reports were generated from instructional material, actual student reports, or a 

combination of both.  The students who contributed these reports were good students.  Even so, 
they still had things to learn.  The same is true also of the other materials.  So, not everything in 
these reports is necessarily correct or to be recommended.  After each report is a Comments 
section that points out problems and issues that could have perhaps been handled better. 

 
The reports in this appendix are: 

 
1. “Comparison of Series and Shunt DC Motors” (a demonstration experiment, EGR222) 
2. “Frequency Characteristics of Resistors, Inductors, and Capacitors” (experiment, EE283) 
3. “Experiment RD3:  View Factor” (experiment, ME326) 
4.  “Stefan-Boltzmann Law” (experiment, ME326) 
5. “Field Effect Transistor Characterization” (a characterization, EE252) 
6. “Vibration Analysis of a Fiberglass Bow” (a characterization, ME322) 
7. “The No Load Cantilevered Beam Modeled as a Spring/Mass System—Effective Mass 

Considerations (Application:  Piper Cub Airplane Wing)” (a characterization, ME???) 
8. “Traffic Signal Controller” (a design exercise, EE241, example) 
9. “Forge Design” (a design exercise, ME342) 
10. “Strain Gage Based Force Transducer on a Beam with Multiple Boundary Conditions” (a 

characterization or experiment, ME 398-A) 
 
Thanks to former students Tom Wychock, Wyatt Culler, Andrew Bergey, Matt Parmenteri, Ryan 
Rozaieski, Mike Vamos, and Nick Rosati for their contributions of these examples.  Most of the 
reports are left as they were in the originals, though in some places spacing has been modified to 
squeeze out unnecessary blank space to make this document several pages shorter.  
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Comparison of Series and Shunt DC Motors 

<name> 
EGR222 

 
May 24, 2008 

 
Abstract 
 An experiment was conducted to compare the characteristics under varying loads of 
shunt and series wound DC motors.  The motor used was that of a toy train locomotive, 
with a load varying by the number of cars pulled.  In one series data was taken with the 
windings in series configuration, and the other case in shunt.  As expected, the speed 
dropped more rapidly with the series wound configuration, but the differences were not as 
large as expected, and the series configuration was more efficient. 
 
1.  Background 
 A test question in EGR222 asked what kind of motor maintained the same speed 
regardless of load up to the limit of its performance.  The correct answer was intended to be an 
AC synchronous motor, with the assumption of a constant frequency supply.  However, more 
than half of the students answered “a DC shunt wound motor” or the equivalent.  Some even 
cited the textbook which indeed stated that a DC shunt motor’s speed was almost independent of 
the load (Bolton).  One could also say the same of an AC induction motor.  However, “almost” is 
not exactly the same speed.  This experiment was conceived to demonstrate to the class that the 
shunt wound motor’s speed is not independent of load, but it is more nearly so than that of a 
series wound motor. 
 
 The “motor” utilized for the experiment was that of an Ives 3241 “Wide Gauge” (2 1/8 
in., the same as Lionel Standard Gauge) locomotive from c. 1924 (Greenberg).  The locomotive 
was already missing its normal reverse unit, so no damage was done to its value by adding a 
switch to enable it to run in either series (normal) or shunt mode.  The locomotive was originally 
intended to run on AC with operating Voltages up to about 20 Volts as a series, or “universal” 
motor, and in that era the ability to also run from DC (typically an automobile battery) was 
useful since AC utility power was not so universally available as now.  For the experiment 
operation in both modes was DC, since shunt wound motors are not effective with AC. 
 
2.  Procedure 
 
 An Ives No. 3241 locomotive was modified as shown in Figure 1 to allow operation in 
either series or shunt mode.  A circular test track (of circumference 129 inches at the center rail) 
was set up powered by a Hewlett Packard 6267B Power supply, rated up to 40 Volts and 10 
Amperes.  (Attempts to run in shunt mode with a smaller supply failed.)  The Voltage on the 
supply was set such that both the series and shunt wound configurations achieved the same 
speed, would both operate under a maximum load of three additional cars, and that the unloaded 
speeds were the same.  The Voltage chosen for series operation was 9.0 Volts, as measured by 
the meter on the power supply.  (The minimum Voltage that would allow readings at all load 
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levels was chosen to minimize dissipation in the motor, particularly in shunt mode.)  The 
locomotive was operated in series mode with no additional load, one, two, and three additional 
cars.  The cars used for added load were an Ives No. 191 coke car, a No. 191 tank car, and a No. 
195 caboose.  All of the cars were in heavily used condition, and no special efforts were made 
(such as oiling) to reduce their load on the locomotive.  The time to make five circuits of the 
track was recorded for each of the four operating conditions.  The times were kept manually 
using a watch inscribed “Disney, Quartz” bearing the likeness of Mickey Mouse.  The same 
procedure was then repeated using the shunt configuration, with 8.0 Volts giving an unloaded 
speed close to that of the unloaded series case.. 
 

 
Figure 1  Locomotive circuit 

 
3.  Results 
 
 The resulting time measurements for 5 circuits of the track obtained are given in Table 1.  
For purposes of designating the load, the locomotive counts as one unit and each additional car 
counts as a unit.  These results are represented graphically in Figure 2. 
 
 In order to better relate these data to normal speed vs. torque characteristics. The speeds 
were converted to scale miles per hour (mph) using an assumed 1/40 scale as shown in equation 
1: 
Speedmph = (129 in/circuit) (5 circuits) (1/12 in. per ft.)(1/5320 ft. per mile) (40 scale)  (1) 

      (time in seconds) (1/60 sec per min)(1/60 min per hour) 
 

Table 1  Series and Shunt Times 
 series shunt 
Load time time 
(cars) sec. sec. 

1 23 25 
2 27 25 
3 30 28 
4 48 33 
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Figure 2  Time for 5 circuits as a function of load for series and shunt configurations 

 
The five circuits amounts to .404 scale miles, giving 63 mph maximum speed, and other 

speeds inversely proportional to times scales down from that.  Figure 3 shows load versus speed 
for the two motor configurations. 

 
The current drawn by the locomotive from the power supply was observed using the 

ammeter of the power supply.  However, the current could not be measured with any degree of 
precision due to current surges as the locomotive traversed the sectional track.  At each 
mechanical junction the current would sharply drop and then bounce back.  Estimated values for 
the series configuration of the motor were about 2.4 Amperes, and for shunt configuration 8 
Amperes, with neither value changing enough to measure with changing load. 
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Figure 3  Scale speed versus load for series and shunt configurations 

 
It was noticed that the motor heated rapidly in shunt configuration.  It was clear that most 

of the energy was being dissipated as heat in the windings, and that such operation for any 
extended period would damage the motor. 
 
Conclusions 
 
 It is obvious that the shunt wound motor does not, in fact, maintain a constant speed with 
a varying load, even with the source Voltage remaining constant.  However, neither motor 
configuration was completely consistent with what would normally be expected.  For a series 
motor, the load – speed curve was expected to be of roughly 1/xy shape.  While that is true for 
the lower loads, the data point for the full load of locomotive plus three cars is significantly 
lower than expected.  It is likely that this is due to the nonlinear nature of actual mechanical 
friction.  The Voltage chosen for the experiment is not very far above the stall Voltage for either 
configuration.  While the shunt configuration did achieve higher speeds at each load with one or 
more cars, and dropped off much more slowly with load than the series configuration, the shunt 
motor drew much more power (about three times as much!) to achieve nearly the same results.  
Some of this extra power would have been additional connection losses between the power 
supply and the motor.  However, it is clear that the shunt configuration is inferior in efficiency 
for this motor, which was designed with windings to be used in series mode.  A motor with a 
field winding with many more turns, for a smaller shunt current, might well outperform the 
series motor significantly on DC. 
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 A sampling of the data points, the operation of the locomotive and the locomotive with 
three cars, was demonstrated to the EGR222 class on April 8, 2008. 
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Remarks: 
 This report uses a ‘hanging indent” style for references that is closer to what seems to be 
found today in journals and conferences than the Chicago style.  Notice that in Table 1 the font 
was imported along with the data from an Excel spreadsheet; it would have been better to first 
change the font and size to Times 12, as in the rest of the document.  However, sometimes an 
evenly spaced font (in which all characters use the same horizontal spacing) is desirable for 
tables, and Times does not have that property. 
 Notice that the procedure section contains some results, such as the Voltage setting that 
would give equivalent no extra load speed for the two different motor wiring configurations.  
This is OK since it is a calibration step, and thus legitimately part of procedure. 
 The equation is given only for the most complicated mathematical manipulation.  It is 
assumed that the typical reader can do basic unit conversions, such as seconds to hours, without 
needing details.  In the results section, the raw data is presented first, then manipulated into a 
form that the reader might expect.  Here, the transformation is to load versus speed.  Motor 
characteristics are typically given in torque versus speed (Bolton), which isn’t the same.  The 
infer torque, one would have to add another step, and assume that torque is equal to speed times 
the load.  However, that requires an assumption of the linearity of friction, so the results were left 
in the form given, which is relatively easy to understand and is sufficient to make the point that 
speed does change with load, even if that load is a resistance rather than a torque. 
 The graphics leave something to be desired: better resolution.  Line graphics imported 
directly from Excel or another line graphics program would have been better.  These are JPEG 
images that were pasted in.  Furthermore, they are at lower resolution than is desirable for good 
reproduction on paper (to keep the document size down).  (There’s a bad error in Figure 1!) 
 It would have been nice if this report had been more thorough.  Apparently no electrical 
measurements were made to find the respective resistances of the armature and field coils, or the 
resistance in transmission from the power supply to the motor proper.  It would have been 
helpful to know what the Voltage across the motor and the current through the motor for each 
trial.  With additional effort the locomotive could have been instrumented with meters having 
long RC time constant filters to overcome the electrical noise from track commutation.  These 
extra details might have allowed a more precise efficiency comparison between the two 
configurations.  A figure showing the experimental configuration would have been most helpful. 
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Experiment 5B:  Frequency Characteristics of Resistors, Inductors, and Capacitors 
<name> 
EE283 

November, 18 2010 
 
Abstract: 
 
 An experiment was conducted in order to determine the frequency response 
characteristics of singular resistors, capacitors and inductors in a single loop circuit.  The circuit 
components used were lab decade resistor, inductor, and capacitor boxes connected via banana 
clips.  The instruments in the lab were used to measure the outputs of the circuit.  As expected, 
the voltage dropped across the resistor was not dependent on frequency, the voltage dropped 
across the inductor increased with increasing frequency and the voltage dropped across the 
capacitor decreased with increasing frequency. 
 
Procedure: 
 
 The test circuit was constructed as shown in Figure 1.  RS was 100Ω.  The test resistance 
was 600Ω, the test inductance 70 mH, and the test capacitance .2µF.  Decade resistor, capacitor, 
and inductor boxes were used for the circuit components and were assumed to have actual values 
the same as the nominal values.  These circuit elements were swapped for each other once the 
voltage across them had been measured for each frequency.  A Tektronix AF6320 Arbitrary 
Function Generator was used to create a test sine wave at the desired frequencies.  An Agilent 
34401A 6 ½ digit DMM  was used to measure the voltage (RMS) across the current sensing 
resistor RS.  A Tektronix TDS 210 2 channel Digital Realtime Oscilloscope was used to measure 
the source voltage (RMS) as well as the voltage across the test impedance z (RMS).  The 
amplitude of the sine wave was adjusted to always be within 1% of 2.0 volts RMS for the source 
voltage as measured by the oscilloscope. 
 

 
 

Figure	1:		Circuit	Diagram	
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Results: 
 
 The measured voltages, calculated currents, and calculated impedances for the resistor, 
inductor, and capacitor are shown in Tables 1, 2, and 3; respectively.   The current in the single 
loop circuit was found by Ohms Law: 
 

𝐼 = BC
DC

(1) 
 
 Since this circuit was a single loop circuit, the current through the resistor was the same 
current that flows through the entire circuit.  The impedance of the circuit element in question 
was also found via Ohms Law: 
 

𝑍 = BF
G

(2) 
 

 Frequency was converted to angular frequency using the following relation: 
 

𝜔 = 2𝜋𝑓(3) 
 
  
Table I:  Resistor Frequency Response 

 
 
 The theoretical resistance for the last column was calculated using the formula: 
 

𝑍 = 𝑅(4) 
 

 In this case R was found by reading the nominal value on the decade resistor box.  The 
values for the calculated and measured impedances are very close. 
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Table II:  Inductor Frequency Response 

 
 The inductive reactance was calculated using the formula: 
 

𝑋- = 𝜔𝐿(5) 
 

 Where L was nominal inductance on the decade inductor box.  Again, the calculated and 
measured values for impedance are close to each other.   
 
Table II:  Capacitor Frequency Response 

 
 
 The capacitive reactance was calculated using: 
 

𝑋L =
3
ML

(5) 
 

 Where C was the nominal capacitance as read from the decade capacitor box.  Again, the 
measured and calculated impedances were very close to each other. 
 
 
 
 The impedance versus frequency response characteristics of the resistor, inductor, and 



	 158	

capacitor are shown in Figures 2, 3, and 4; respectively.  Figure 5 shows the frequency response 
of each component on one plot.  A log scale was used on the plots to better show the frequency 
response characteristics. 
 

 
 
 Figure 2 indicates that the impedance of a resistor does not depend on frequency.  This 
linear relation was expected and is consistent with theory. 

 
 

Figure	2	
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 Figure 3 shows an increasing linear relationship between impedance of an inductor versus 
frequency.  Since the plot is a log plot, this linear trend indicates a directly proportional 
relationship between the impedance of an inductor and frequency.  This result was expected and 
is consistent with theory. 

 
 

Figure	3	
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 Figure 4 shows a decreasing linear relationship between the impedance of a capacitor 
versus frequency.  This linear trend indicates there is an inversely proportional relationship 
between the impedance of a capacitor and the frequency.  This result was also expected and is 
consistent with theory. 

 
 

Figure	4	
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 Figure 5  demonstrates the differences in frequency response characteristics of  the circuit 
elements on one plot.  The impedance of a resistor does not vary with frequency and the 
frequency response of the inductor and capacitor are nearly opposite reciprocals of each other. 
 
Conclusions: 
 
 This experiment has demonstrated that the impedance of a resistor is not dependent on 
frequency, the reactance of an inductor is proportional to frequency, and the reactance of a 
capacitor is inversely proportional to frequency.  All of these results were consistent with theory 
which indicates the experiment was run well and that the theory is correct.  The slight deviations 
between the measured impedances and the theoretical impedances was due to resistance in the 
wires and the tolerances of the components themselves. 
	
Comments on the Laboratory Report: 
 While this is a generally good report by one of the best students we have had at Wilkes, 
there are numerous things that could have been done better: 

1.  The abstract needs to be of a different style that will set it off from the rest of the report.  
An abstract is not really part of the report proper.  Often the abstract is in bold type, it is 
not numbered, and the indentation may vary from the rest of the report. 

2. Furthermore, the author has no introduction (other than the abstract).  The abstract is 
written as if to serve as an introduction as well as being an abstract of the whole exercise.  
That leaves the first sentence of the body of the report as, “The test circuit was 
constructed as shown in Figure 1.”  The test circuit for what?  An introduction is needed 

Figure	5	
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to say what the exercise is about.  An abstract does not count!  It is not really part of the 
report proper.  If the laboratory exercise is an “experiment”, as in this case, where a 
laboratory result is to be compared to theory, then the hypothesis ought to be clearly 
stated before getting into the particulars about what was done in the laboratory. 

3. The figures and tables, with their titles, should be centered. 
4. Figures 2, 3, and 4 have titles above rather than below the figure.  The figure numbers 

and titles should be in the same size and font as the document text.  The figures also are 
grey rather than black, and make unnecessary use of color.  When there is only one set of 
data being plotted, a “legend” is unnecessary, and should be omitted, since the title will 
explain what is plotted in the graph.  A legend is appropriate for Figure 5, but could have 
been placed in an unused corner to avoid the large mostly blank area on the right.  That 
would allow the graph to be larger.  For these graphs, given that a straight line is 
expected, I’d think a line connecting the points would be appropriate.  In figures 2, 4, and 
5, the lowest decade of frequency, 1Hz to 10Hz, which contains no data, should have 
been omitted, both on the general principle of not wasting space and to be consistent with 
the other figure, number 3. 

5. I believe the laboratory exercise instructions explicitly called for the vertical axis of these 
graphs to be the logarithm of impedance, rather than impedance plotted on a log scale.  
The latter would normally be preferred, as is done for the frequency axis. 

6. The three tables seem to have been done by building a table in a spreadsheet program 
(perhaps Excel) then taking screen shots to produce some other sort of images (perhaps 
.jpg), that were then pasted into the report.  This doesn’t give as good visual resolution as 
directly building tables in Word or pasting in tables rather than images from another 
application.  (The effects are most noticeable if you try to re-size the graphic object.) 

7. The equation numbers should be flush against the right margin (right justified). 
8. The student uses the term “lab decade resistor, inductor, and capacitor boxes.”  The 

correct term is “substitution boxes”, for a selectable value component in a box of the sort 
used in the laboratories.  The word “laboratory” should normally be spelled out fully in a 
formal report. 

9. In several places a lot of blank space is left at the bottom of the page.  Generally this is 
undesirable, and things can be shifted to avoid this, with other material following filling 
in the gap until the next page.  Sometimes the sizes of figures and breaks can be modified 
to help make a good fit.  However, it is possible that the explicit formatting instructions 
demand that a figure or table immediately follow the callout paragraph, wasted space or 
not, leaving no choice.  The hanging two last words of the paragraph before Figure 2 look 
odd; I’d have omitted an earlier space so that the entire paragraph would be together. 

10. In the conclusions paragraph, the term “Reactance” rather than “Impedance” is used in 
discussing the characteristics of the capacitor and inductor.  Yet, throughout most of the 
report, the term “impedance” is used instead (for example, in Figure 5).  The author does 
not distinguish or make clear what the difference is, and treats them the two terms as 
synonymous.  That’s not quite correct. 
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Abstract: 
 This experiment investigated the view factor for a rectangular aperture.  
Experiment was compared to theory by inspection which yielded a reasonable match. 
 
Introduction: 
 The view factor is a quantity that relates the fraction of the radiation leaving 
surface i that is intercepted by surface j.  The relationship is purely geometric and can be 
found analytically for simple cases.  For complex cases the relationship is often found 
numerically or by experiment.  This experiment investigated the view factor for a flat, 
black plate, and the radiometer. 
 
Procedure and Experimental Data: 
 This experiment used the Radiation Heat Transfer Apparatus.  The black plate 
was placed 50 mm from the radiation source.  The adjustable aperture plate was placd 
200 mm from the radiation source.  The radiometer was placed 300 mm from the 
radiation source.  The radiation source power was set to ~60%.  This caused the steady-
state temperature of the black plate to be 107 degrees Celsius.  The ambient temperature 
was 22 degrees Celsius.  Once steady-state was reached radiometer readings were taken 
for multiple aperture widths.  The experimental data is in Table 1 below. 

Table 1:  Experimental Data 

 
 
Results, Discussions, and Analysis: 
 For an arbitrary shape and arbitrary size, the view factor is given by equation 1 
(Kalim): 

𝐹OP =
3
QR

STUVRSTUVW
+DX

𝑑𝐴O𝑑𝐴PQWQR
     (1) 

  
 Equation 1 is difficult to use in many situations.  For this situations, the view 
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factor can be written in terms of radiation heat transfer (Kalim): 

𝑞3[ = 𝐹3\[𝐴3𝜖3𝜎(𝑇3` − 𝑇[`)     (2) 

Because the emissivity of the black plate is unity and the temperature of the radiometer 
is constant and close to room temperature, equation 2 can be simplified to (Kalim): 

𝑞′′3[ ≈ 𝐹3\[𝜎(𝑇3` − 𝑇d`)     (3) 

 Solving this equation for the view factor yields: 

𝐹3\[ =
effgX

h(igj\ikj)
      (4) 

 Equation 4 was used to calculate the view factor for this situation.  The value for 
q''12 is 5.59 times greater than the reading obtained from the radiometer.  This 
relationship was given by the lab maual.  The calculations for the view factor for each 
aperture width is in Table 2 below. 

 
Table 2:  View Factors 

Sample Calculations
Source Power:391𝑊 = 60 ∗ 5.59

View Factor:0.520 = uv3
w.xy(3%)z{∗((3%y|[yu)j\([[|[yu)j)

 

 
 Various solutions to equation 1 are tabulated in Table 13.1, page 865 (Incropera, 
Bergman, Lavine, DeWitt).    The solution for this problem is given by the parallel plates 
with midlines connected by the perpendicular case (equation 5). 

𝐹OP =
[(~R|~W)X|`]g X\[(~W\~R)X|`]g X

[~R
   (5) 

𝑊O =
�R
-
;𝑊P =

�W
-

     (6) 

 Where wi is the width of the aperture, wj is the width of the black plate, and L is 
the distance between the aperture and the plate.  This theoretical relationship was 
compared to experiment by graphing the experimental view factors as a function of 
aperture size.  This is in Figure 1 below. 
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 Figure 1 indicates an approximately linear relationship between and aperture size 
of 0 to 50 mm with a limiting value of 70 W/m2 for values greater than 50 mm.  
Equation 5 is approximately linear for sufficiently large wi and wj and has a limiting 
factor of 1.  Although the limiting factors are different, equation 5 and Figure 1 behave 
similarly.  This suggests equation 5 is fair model for this situation. 
 Finally, the view factor for an enclosure can be shown to equal 1 by the the 
conservation of energy.  The view factor represents the fraction of received radiation to 
the fraction of emitted radiation.  For each surface in an enclosure: 

𝐹OP = 𝑛,𝑊ℎ𝑒𝑟𝑒0 < 𝑛 < 1     (7) 

 However, by conservation of energy the emitted radiation in an enclosure must 
be equivalent to the absorbed radiation in the enclosure.  If the emitted radiation is 
assumed to be 1 W/m2, the absorbed radiation must be 1 W/m2.  Because the view factor 
represents the fraction of this 1 W/m2 each surface receives and the total radiation 
received must be 1 W/m2, it follows from the conservation of energy that: 

'
O23 𝐹OP = 1      (8) 

Figure 1: Radiation as a 
Function of Aperture Width 
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Practical Applications: 
 The view factor is important for the design of forges and furnaces.  These devices 
operate at high temperatures and radiative heat transfer is the primary method of heat 
loss.  Furthermore, these devices require doors to allow the loading of material.  These 
doors act like the apertures investigated in this experiment.  Their shape will dictate 
their view factor.  A knowledge of view factors will allow forge and furnace doors to be 
designed that minimize the view factor for a given shape.  This will minimize the 
radiation losses from the doors and reduce the operating costs of the forges and 
furnaces. 
 
Conclusions: 
 This experiment examined the view factor for radiation through a rectangular 
aperture.  The view factor was calculated for each aperture width.  The received 
radiation as a function of aperture width was plotted and this was compared to equation 
5 by inspection. 
 
References: 
[1]  Incropera, Frank P., Theodore L. Bergman, Adrienne S. Lavine, and David P. DeWitt. 

 Fundamentals Of Heat And Mass Transfer. 7th ed. Hoboken: Wiley, 2011. Print. 

[2] Kalim, Perwez. Heat and Mass Transfer Lab Laboratory Manual. 5th . Wilkes-Barre, PA: 

 Wilkes University, 2011. Print. 

Comments: 
1.  In the procedure, the “Radiation Heat Transfer Apparatus” was called out but no 

reference to a description was given.  In a formal report a citation or other reference 
allowing the reader to find a description is normally needed, perhaps just reference [2]. 

2. The tables used seem to be images.  These were originally in an .odt document, and may 
have been converted on conversion, which is not a problem for the original. 

3. The Figure 1 title was correct in the original (an .odt document) but was messed up when 
transferred to Word.  That was not a problem in the original. 

4. Connected data points for Figure 1 seem preferable. 
5. This laboratory exercise seems at first more of a characterization than experiment.  

Statement of the hypothesis before procedure and data, would help.  As it is, the 
hypothesis first appears in the results section. 

6. The conclusion does not say anything about to what extent the experimental data was 
consistent with the hypothesis.  



	 168	

 

 

 

 
 

Lab # 3 
 

Experiment # CV1 
Stefan-Boltzmann Law 

 
<name> 

 
 

18 September 2013 
 

ME 326, Section B 
Heat and Mass Transfer Lab 

Group 2 
 

Dr. Bednarz 
 

 

 

 

 



	 169	

Abstract 

 The main purpose of the lab was to verify the accuracy of the Stefan-Boltzmann Law, as 

well as the Stefan-Boltzmann constant, denoted s.  A black plate, connected to a thermocouple, 

was heated by a radiation source where a nearby radiometer detected the heat flux from the plate.  

A console that displayed the temperature and heat flux of the plate also controlled the percentage 

of power to the radiation source.  Temperature of the surface, heat flux, and power setting were 

recorded for two separate trials of which five sub-trials were taken for both of the trials.  The 

radiometer was stationed at 110 mm (trial 1) and 220 mm (trial 2) from the radiation source, 

while the black plate was held at a constant distance of 50 mm.  The power setting was varied 

from 50%-90% to alter the temperature and heat flux for the trials.  For the first trial, the percent 

error was 11.68% when the experimental and theoretical Stefan-Boltzmann constants were 

compared.  However, for the second trial, the percent error was much higher—60.6%.  The 

calculated Stefan-Boltzmann constants for each trial were never more than a few tenths apart, 

meaning that the behavior of the experiment was stable and predictable.  
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Introduction   

 In applications of radiation, the heat flux generated by a surface is proportional to the 

fourth power of absolute temperature.  The constant that relates to this proportionality is called 

the Stefan-Boltzmann constant (s) and has been scientifically and experimentally proven to be 

5.67*10-8 W/(m2K4).  It is similar to conduction and convection coefficients, but differs because 

the surface or fluid interfaces do not affect the heat flux generated—the coefficient is always 

constant.  The Stefan-Boltzmann Law relates the absolute temperature of the object minus the 

surrounding temperature with the heat flux.  When performing the experiment, a black plate was 

set in front of the radiation source and the temperature of the plate was recorded as the radiation 

increased.  To note, the radiation recorded by the radiometer was not the actual heat being 

generated over the face of the plate.  Instead, the plate had a geometrical factor as to how the 

heat was dispersed over the plate.  So the heat flux was to be multiplied by a factor of 5.59R.  

For the entire experiment, the constant of proportionality was calculated and compared to the 

known value for each trial, while the behavior of the radiation was analyzed in a graphical 

format [1].  

 

Procedure and Experimental Data      

 The setup of the Stefan-Boltzmann Law used a radiation source, a mounted adjustable 

track integrated with a measuring stick, a radiometer, and a black plate.  A console that displayed 

plate temperature and radiation heat flux values had lead wires from a radiometer and a 

thermocouple connected to the ports of these displays.  The black plate was mounted on the track 

50 mm away from the radiation source.  Thermocouples, which sense temperature, were attached 

to the plate.  Since the plate and air were in thermal equilibrium, the surrounding temperature 

could be recorded before heating the plate.  The surrounding temperature was recorded at 

Tsurr=26oC.  This value would later be used in determining the Stefan-Boltzmann constant.  

Positioning the radiometer 110 mm away from the radiation source, it was connected to the 

console’s display and set facing towards the plate to detect heat flux.  The console had a knob to 

adjust the percentage of power being delivered to the radiation source.  Using this knob, five 

trials were done while varying the power to the heat source in increments of 10% beginning at 
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50% power and ending at 90%.  This in turn altered the temperature and heat flux readings of the 

plate, which were recorded in a tabular format.  A second trial was repeated with the black plate 

at the same distance of 50 mm from the radiation source while the radiometer was moved to 220 

mm.  Instead of setting the dial back to 50%, the first temperature, heat flux, and setting readings 

were taken at 90% power and worked backwards to 50% in decrements of 10%.  Tables 1 and 2 

show the two trials recorded data as well as units to the values. 

Table 1.  Experimental Data for Trial 1. 
Temperature (oC) R (W/m2) Setting 

65 60 50% 
81 89 60% 
91 109 70% 
118 175 80% 
142 245 90% 

 
Table 2. Experimental Data for Trial 2. 

Temperature (oC) R (W/m2) Setting 
85 54 50% 
101 73 60% 
112 88 70% 
134 122 80% 
143 140 90% 

 
 
Results, Discussion, and Analysis 

 The results obtained from the radiometer and thermocouples were accurate for the first 

trial.  However, the second trial was less accurate but followed a similar behavior as that of the 

first.  As the radiation source increased its thermal output, the plate increased in temperature 

thereby increasing the radiation detected by the radiometer.  In order to properly calculate the 

Stefan-Boltzmann constant, the temperature was converted to the absolute scale, or Kelvin, and 

the recorded radiation was modified by the geometrical factor of the black plate.  Equations 1 

through 3 show the modification factors and how to calculate the Stefan-Boltzmann constant.   

 

𝐾𝑒𝑙𝑣𝑖𝑛 = 273.15 + 𝐶𝑒𝑙𝑠𝑖𝑢𝑠    (1) 

𝑞�" = 5.59 ∗ 𝑅     (2) 

𝜎 = e�"
i��k��
j \iC���j      (3)	  
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Sample Calculations: 

Using Trial 1, 50% power setting, the temperature was converted to Kelvin (equation 1) and the 

detected radiation was modified with the geometric factor (equation 2). 

273.15 + 65�𝐶 = 338.15	𝐾								𝑎𝑛𝑑							273.15 + 26�𝐶 = 299.15	𝐾 

5.59 ∗ 60
𝑊
𝑚[ = 335.40

𝑊
𝑚[ 

Afterwards, using this information and the recorded surrounding temperature (26oC), the Stefan-

Boltzmann constant was calculated (equation 3). 

𝜎 =
𝑞�"

𝑇��d��` − 𝑇��  ` =
335.40

338.15` − 299.15` = 6.62 ∗ 10\¡
𝑊

𝑚[𝐾` 

 

An average value for the constant s was calculated to compare with the known value 5.67*10-8 

W/(m2 K4).1  Table 3 shows the modified data for this experiment.   

Table 3.  Modified data for Trials 1 and 2. 
Trial 1 Trial 2 

Temperature (K) qb" (W/m2) Temperature (K) qb" (W/m2) 
338.15 335.40 358.15 301.86 
354.15 497.51 374.15 408.07 
364.15 609.31 385.15 491.92 
391.15 978.25 407.15 681.98 
415.15 1369.55 416.15 782.60 

 

The calculated Stefan-Boltzmann constant for the first trial was close to the known value of 

5.67*10-8 W/(m2 K4).  However, the second trial was not as accurate and provided a high percent 

error for the experiment.  Shown below is Table 4 which has the calculated Stefan-Boltzmann 

constants for both trials. 
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Table 4.  Calculated Stefan-Boltzmann constants. 
Trial 1 Trial 2 

s (W/(m2 K4)) s (W/(m2 K4)) 
6.62*10-8 3.57*10-8 
6.44*10-8 3.52*10-8 
6.36*10-8 3.51*10-8 
6.35*10-8 3.50*10-8 
6.31*10-8 3.56*10-8 

Average Value 
6.42*10-8 3.53*10-8 

As can be seen from Table 4, Trial 1 is accurate for the Stefan-Boltzmann constant with the 

percent error being 11.68%; however, the second trial is not as accurate with a percentage of 

60.62% error, but there is a legitimate reason as to why the error was so high.  The radiometer 

cannot sense the actual radiation emanating from the plate, but rather it senses the intensity of the 

radiation.  As the radiometer was moved to double the distance, the intensity decreased (due to 

the inverse square law) and thereby lowered the Stefan-Boltzmann constant.  The only way for 

the constant to be calculated accurately and precisely was to have the radiometer pressed against 

the black plate to know the real radiation heat flux being generated.  Figures 1 and 2 give a 

graphical representation of how the temperature to the fourth power relates to the emitted 

radiation. 

 
Figure1.  Radiation versus Temperature for Trial 1.   

 
The y-value points are very large making the spacing look linear rather than parabolic.  The 

parabola is fitted with a polynomial equation and a statistical R2 term. 
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Figure 2.  Radiation versus Temperature for Trial 2.  

  
The y-value points are very large making the spacing look linear rather than parabolic.  The 

parabola is fitted with a polynomial equation and a statistical R2 term.  
 

From both Figures 1 and 2, the R2 value is one or nearly one.  In statistics, the R2 value is 

an indicator for the variance of all the points in a model.  The farther it is from one, or 100%, the 

more variability in an experiment [1].  For the first trial, the R2 term came perfectly to one 

meaning that there was no variance in the recorded points.  The lack of error in this part of the 

experiment was due to how close the radiometer was to the plate and that it started in equilibrium 

at the beginning of the experiment.  Figure 2 shows that the R2 term was nearly one, two ten 

thousandths off, and showed little variance in the recorded points.  This value was so close to 

one that it could be assumed that there is no variance.  The error in the second trial was due to 

starting at 90% power and letting the plate cool as the setting was adjusted downwards.  If the 

plate did not cool enough before each reading, the temperature and radiation would be greater 

than the equilibrium point.  Overall, the Stefan-Boltzmann Law of radiation experiment was 

accurate numerically, graphically, and behaviorally. 
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Practical Application      

 One application of the Stefan-Boltzmann Law is increasing microwave efficiency.  A 

heat retentive plate made from ceramic or other materials that absorb electromagnetic radiation 

can be used in a microwave [2].  As the plate heats up from microwave bombardment, the 

microwave’s empty space containing air heats from convection with the plate.  Over time (within 

30 seconds) the air and plate come to almost the same temperature, with only minimal heat loss 

through the walls of the oven [2].  Using the Stefan-Boltzmann equation to determine the heat 

loss occurring in the microwave, it can be seen that the plate and surrounding temperature are 

nearly equal, thus reducing the overall heat loss in the microwave oven.  

 

Conclusion  

 Both behavioral and numerical data to the Stefan-Boltzmann Law experiment were 

accurate.  As the radiation power source increased the surface temperature of the black plate, the 

radiation heat flux increased.  Moving the radiometer further from the plate lessened the 

radiation sensed by the radiometer due to the thermal intensity decreasing.  After graphing the 

recorded points for each trial, it was determined that the relationship between the temperature to 

the fourth power and radiation had significant accuracy.  The statistical R2 term was one or 

nearly one for both Figures 1 and 2 meaning that the points would not deviate from the equation 

or trend line.  The calculated results were also successful in that the first trial came very close to 

the known Stefan-Boltzmann constant, 6.42*10-8 versus 5.67*10-8 W/(m2 K4), yielding a percent 

error of 11.68%.  The second trial result of 3.53*10-8 versus the actual 5.67*10-8 W/(m2 K4) was 

not accurate, displaying an error of 60.62%.  However, due to the radiometer measuring intensity 

of radiation and not the actual heat flux from the plate, the constant was expected to decrease.  

The error could have been further reduced if the radiometer was closer to the plate during the 

second trial.  Overall, the Stefan-Boltzmann Law of radiation was proved successfully by this 

experiment. 
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Comments: 
 This is a “good report” by a good student.  However, improvements that could be made: 

1. The abstract is set off by being on its own page.  That is good.  It also is not serving as 
the introduction; a separate introduction section follows.  It still might have been helpful 
to set the abstract style off somehow, such as the use of bold type. 

2. The informal word “lab”, used in the first sentence of the abstract, is better replaced by 
“laboratory exercise” if it refers to that, or to “laboratory facility,” if the room is meant. 

3. Needed commas are omitted in several places, notably in the introduction. 
4. The introduction paragraph needs to be divided into two pertaining to two different 

thoughts.  The first paragraph states the hypothesis, the physical principle to be tested in 
the experiment.  Starting with, “When performing the experiment …” describes the 
experimental approach.  As a different subject, it ought to have its own paragraph. 

5. The first line of the Procedure section begins with, “The setup of the Stefan-Boltzmann 
Law used …”  I think “setup” must be a favorite word among engineering students.  It is 
so vague it can mean anything.  A more explicit term for the laboratory test equipment 
configuration is needed, if that is what is meant.  In addition, the phrase “setup of the 
Stefan-Boltzmann Law” implies that it is the “setup” of the “Law” itself, rather than 
some experimental apparatus, that is under discussion.  (The vagueness of the term 
“setup” could mean it applies to the typeface and layout of the equation itself!)  Yes, the 
rest of the sentence allows a reasonably intelligent reader to figure out what is going on, 
but it is better to use English with precision.  “The experiment equipment configuration 
to test the Stefan-Boltzmann Law …” would be better.  “Used” is also an overly vague 
term that is popular, but wording with greater specificity is preferred.  In this case, 
without a complete rewrite, “included” might be marginally better.  The first sentence of 
any section or paragraph is usually the most important; it’s worth investing the effort to 
convey the intent as clearly as possible. 

6. The Procedure section paragraph is too long, and needs to be broken up.  The point at 
which discussion turns from configuration to conducting the exercise and collecting data 
would be a good place for a break to a new paragraph.  A figure showing the 
experimental configuration would have been most helpful. 

7. In equations one, units of “degrees” should have been attached to the constant.  In 
equation two units are also needed.  Similarly, in the sample calculations that follow, 
units need to be attached to all constants and calculated values. 

8. Indentation is inconsistent; sometimes paragraphs are indented, at other times not. 
9. Figures 1 and 2 have formatting problems.  There should be no outer frame.  There are no 

vertical grid lines.  The “goodness of fit” information should be in the text rather than as 
part of the figure.  (In this report the author at least makes good use of this information; 
in some reports it is shown in a figure but never discussed.) 

10. The use of scientific notation is customary for expressing the Stefan-Boltzmann constant.  
The author of this paper does a good job of using unit prefixes like mm as a good 
alternative for scientific notation throughout the paper where appropriate.  
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Field Effect Transistor Characterization 

EE251  Laboratory Report #3 
<name> 

May 26, 2008 
 
Abstract 
 The low frequency characteristics of the 2N7000 N channel MOS Transistor were 
measured and compared to published data for this transistor and the characterization of 
the transistor in PSpice using the published data.  The characteristics found in the 
laboratory were found to be inconsistent with the data for reasons that are not yet 
understood. 
 
1.  Procedure 
 The 2N7000 transistor (TO-92 package version) was characterized in the Electronics 
Laboratory of Wilkes University using the circuit shown in Figure 1.  The function generator 
used was the Tektronix model AGF 32022 Arbitrary Function generator; the power supply was 
the Aligent E3630A DC Power Supply, and the oscilloscope the Tektronix TDS2014.  The signal 
generator was set to give its maximum sawtooth amplitude between zero and approximately 10 
Volts.  This particular signal generator can be operated with a floating ground (reference) which 
was particularly useful for this exercise.  The DC Voltage at the gate was varied by changing the 
setting of the potentiometer R2, with the Voltage measured using a Jameco model JE110 Digital 
Multimeter.  For four Voltages from 2.0 Volts to 4.0 Volts, the characteristic curve was 
displayed on the oscilloscope with the X axis (channel 1) being the drain Voltage, and the Y axis 
being the Voltage across R3 in the drain circuit, which was proportional to drain current.  The 
polarity of the current measuring Voltage was reversed in order to render the normal display.  
Data from each curve were recorded for later analysis. 
 

 
Figure 1  MOSFET Characterization Circuit 

 
2.  Results 
 The data recorded is given in Table 1.  This data was derived from readings of the 
oscilloscope.  the inverted channel 2 Voltage measurements for drain current, ID, were converted 
by dividing the Channel 2 Voltage by 1K Ohms to get currents in mA.  Direct reading from the 
oscilloscope to a computer data file was not attempted because of the noise on the current 
readings.  The tabulated data is plotted in Figure 2 as the transistor characteristic curves. 
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Table 1  Transistor characteristic data as observed 

Gate Voltage Drain Voltage Drain Current 
      (Volts)        (Volts)      (mAmperes) 

1.5  for all  0.000 
2.0  0.0  0.000 
2.0  1.0  0.005 
2.0  2.0  0.006 
2.0  3.0  0.006 
2.0  4.0  0.007 
2.0  5.0  0.007 
2.0  6.0  0.008 
2.0  7.0  0.008 
2.5  0.0  0.000 
2.5  1.0  0.015 
2.5  2.0  0.025 
2.5  3.0  0.030 
2.5  4.0  0.032 
2.5  5.0  0.033 
2.5  6.0  0.034 
2.5  7.0  0.035 
3.0  0.0  0.000 
3.0  1.0  0.038 
3.0  2.0  0.052 
3.0  3.0  0.060 
3.0  4.0  0.065 
3.0  5.0  0.070 
3.0  6.0  0.073 
3.0  7.0  0.073 
4.0  0.0  0.000 
4.0  1.0  0.10 
4.0  2.0  0.15 
4.0  3.0  0.18 
4.0  4.0  0.20 
4.0  5.0  0.20 
4.0  6.0  0.20 
4.0  7.0  0.20 

 
 The desired characteristics of the transistor are VTN, the gate turn-on Voltage, and Kn, the 
parameter that characterizes the drain current as a function of Gate Voltage VGS.  The 
relationship for the saturated region, where VGS < VDS, is given in Equation 1 (Jaeger and 
Blalock): 
 

ID = (Kn /2) (VGS – VTN ) 2     (1) 
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In order to estimate the values of these parameters, the square root of ID was plotted against VGS, 
as shown in Figure 3, giving what should be a straight line. 

 
Figure 2  Observed transistor Characteristics 

 

 
Figure 3  Plot of square root of drain current versus gate Voltage for saturated region 

 
Using Figure 3 it is found that VTN is about 1.6 Volts.  The line was calculated to have an 

average slope of 0.179 mA½/V.  For each point an x intercept was calculated.  Averaging all of 
these gives VTN=1.52, assumed to be closer than the graphical estimate.  Kn was calculated for 
each point in the saturated region (VDS = 3V or more) using this VTN value and the corresponding 
ID and VGS using Equation 2.  The numbers averaged, to give Kn=.054mA/V2. 
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Kn = 2 ID /(VGS – VTN ) 2     (2) 
 
 The values for ID for the largest VGS showed little fluctuation in the saturated region,	
suggesting that any attempt to find l, the rate of change of ID with respect to VDS, are suspect.  
The slope if ID from VDS = 3V to 7 V was used to calculate a supposed value for Lambda using 
Equation 3.   
	
	 	 	 l	est = (IDVGS=7V – IDVGS=3V)/(4V IDVGS=3V)   (3) 
	
 The four values were quite different, .08, .04, .05, and .03 V-1 respectively, for each of 
the four different VGS values.  The values for lower VGS were more affected by noise, but the last 
value may be too large from inclusion of the point at VDS=3V, which isn’t quite in the saturated 
region.  A reasonable guess based on these results would be about .04 V-1, with poor accuracy.  
Had VDS been larger or the data better, the estimate would be improved by using the projected ID 
at VGS=0 in the denominator. 
 
3.  Modeling 
 The “Student” version of PSpice does not have the 2N7000 part in its library, so the 
generic NMOS transistor “MBreakN” was modified to match.  The key parameters found on the 
data sheet are shown in Table 2 (Fairchild).  Because of the wide range of possible values for 
VTN (given as VGS(th)),  the value from the characterization above, 1.52V, was used.  Equation 3, 
for transconductance given drain current, was solved to find a Kn of 90 mA/V2 for the typical 
transconductance at .5A of .3S. 
 
   gm = sqrt (2 ID Kn)      (3) 
 

Table 2  Key parameters from Data Sheet 
VGS(th)  Gate Threshold Voltage Minimum .3Volts, Maximum 3.9 Volts  

at VDS=VGS, ID=250µA 
Minimum .4Volts, Maximum 2.2 Volts  
at VDS=VGS, ID=1mA 

gfs  Forward transconductance Minimum .1 S, typical .3S at VDS=15V, ID=.5A 
	
 A PSpice circuit was constructed as shown in Figure 4, and the parameters set to 
represent the characteristics of the 2N7000: VTO 1.52  KP 90mA  LAMBDA .04  A simulation 
run was performed as a DC sweep with V2 varied from 0V to 7V in .01V increments, and V1 
varied from 2.0 to 4.0 Volts in .5 Volt increments, corresponding to the laboratory tests 
performed.  The results are shown in Figure 5.  While the general shape of the curves is not far 
different from that produced from the experimental data, the current scale is far different, by 
three orders of magnitude. 
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Figure 4  PSpice circuit for generating characteristic curves 

 

 
Figure 5  Characteristic curves generated by PSpice using datasheet Kn 

 
 A second PSpice run was made using instead the Kn value of .054 mA / V2 derived from 
the data taken in the laboratory.  The same values were used vor the other PSpice parameters.  
The set of curves generated is shown in Figure 6.  These curves indeed correspond fairly closely 
to the laboratory data as expected, although the top curve is not as flat as the lab data showed.  
(Also, note that these curves include the missing trace for VGS = 3.5 V, a setting that was not 
used in the laboratory.) 
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Figure 6  Characteristic curves using Experimentally determined Kn 

 
4.  Conclusions 
 The laboratory exercise was successful in producing characteristic curves for the 2N7000 
transistor, but the current scale for these curves, and the value of Kn found, differ greatly from 
those of the device data sheet.  The difference is about three orders of magnitude.  This is outside 
the bounds of device variations that can be expected.  Thus, it is not possible to escape the 
conclusion that some error was made in the experimental procedure.  Some of the possibilities 
include: 
 
1.  The oscilloscope scaling was incorrect for the probe for Channel 2.  However, the probes 
have at most a multiplier of x10, so at worst this would result in currents off by one order of 
magnitude, not three. 
 
2.  The currents were incorrectly written down as mA where they should actually have been in 
Amperes.  However, the largest current would then be .2 Amperes which would cause too large 
of a Voltage drop to allow a datum for the point at VGS=4V, VDS=7V. 
 
3.  The transistor may have suffered static or some other kind of damage.  However, this should 
have been apparent from a nonlinear scaling of the VGS values with potentiometer setting, and 
such an effect was not noticed. 
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 At this time, this lab exercise must be regarded as a failure, producing inexplicable 
results.  It needs to be repeated, and the source of the error found.  It would also be useful to 
repeat the PSpice runs using the full version found in the laboratories at Wilkes University, 
which included the 2N7000 part, and see if it is consistent with the data sheet values.  
Unfortunately, at this writing that version is unavailable due to a licensing process failure. 
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Remarks: 
 This is an example of what to do when the experiment fails.  The calculated value of Kn 
was so far off that there was no chance that this was just a random variation; there must have 
been some error.  It is not obvious exactly what the error was.  However, the lab report is due.  
So, in the conclusions, one can only state what has happened as forthrightly as possible, explain 
or suggest possible sources of the problem, and if no explanation can be found, recommend that 
the exercise be repeated. 
 One other thing to note here is the fact that for the Excel graphs, the fonts and font sizes 
were selected to match the document.  The colors were changed to monochrome and grey scale.  
Quite a bit of manipulation was needed for each of these graphs.  The PSpice circuit was pasted 
in with no special care (the colored lines are dark enough to print satisfactorily in monochrome), 
but the two PSpice graphs were originally white and green (or red) on black.  For a report, graphs 
should be black on white.  So, the original images captured from the screen were copied into an 
image manipulation program, Photostudio (which came with a Canon MP800 printer), and the 
negative was taken and then thresholded and saved as a PICT file, which was then inserted into 
Word.  (A JPEG or PNG might be more preferable now.) 
 In this particular report, the modeling followed the experiment procedure and results 
sections, because the modeling was used as an analysis tool, for verification.  If modeling is used 
as a design step, the simulation development and discussion might be better placed ahead of the 
laboratory procedure and results. 
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Abstract: 
 The goal of this experiment was to determine the logarithmic decrement and the natural 
frequency of a traditional bow.  Two cases were considered:  The case where an arrow was fired and 
the case where no arrow was fired (also known as a "dry fire").  A high speed camera recording at 
240 frames per second was used to record the bow firing.  Bow limb position data as a function of 
time was extracted from the video file using an image analysis program (ImageJ) and Scilab.  The 
logarithmic decrement was calculated using Excel while a Scilab script was used to plot a Fourier 
power spectrum to determine the natural frequencies. 
Experimental Setup: 

 
Figure 1:  Experimental Setup 

 Testing equipment was set up as indicated in Figure 1.  The test bow was a fiberglass bow 
with a 25 pound, 30 inch draw.  A bow holder was constructed to hold the bow perpendicular to the 
floor.  This holder was clamped to the bench for stability.  A TruFire arrow release was used to hold 
the bow at a consistent draw length of 14.25 inches.  This draw length is about half of the full draw 
of the bow.  A Casio Exilim series camera recording at 240 frames per second was used to capture a 
video of the bow when fired.  Two inch gridlines on a foam background were used for calibration of 
the image.  The experiment was conducted for the bow firing a standard target arrow and for a dry 
fire. 
Method of Analysis: 
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 Two programs were used to analyze the data for this experiment.  The first one was ImageJ, 
a free image analysis software while the second program was Scilab, an open source program 
comparable to Matlab.  Before the analysis began, the high speed video was converted to a sequence 
of TIFF images like the one in Figure 2 below. 

 
Figure 2:  Original Image 

 The series of TIFF images was opened as a stack in ImageJ.  The images were cropped to 
only show the upper half of the bow then were scaled up to increase their resolution.  After the 
scaling, the two inch grid lines were used to calibrate the pixel distances to actual inch distances.  An 
example of the cropped, scaled image is in Figure 3 below. 

 
Figure 3:  Cropped Scaled Image 

 The scaled images were then converted to 8 bit grayscale images.  A threshold command was 
used to convert the grayscale images into a binary image.  This essentially removed the background 
and made tracking possible.   An example of a binary image is in Figure 4 below.  
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Figure 4:  Binary Bow 

The position of the bow limb was tracked across the horizontal lines indicated in Figure 5. 

 
Figure 5:  Tracking Locations 

 This was accomplished using a "Plot Profile" command.  This command plotted the gray 
values of the image along the line.  Because the image was properly calibrated to the known scale, 
this profile plot tracked the distance in inches the bow limb was along the line.  Macro code found 
online (Appendix A) was used to plot the profile for each image in the image sequence.  The result 
of this plot was a large array (approximately 250x1200) saved as a .csv file.  This same procedure was 
repeated on the dry fired bow images. 
 Conditioning of the ImageJ data was accomplished by writing a script in Scilab (Appendix 
B).  The net result of the script was the creation of a data file that recorded the position of the bow 
limb along the tracking lines as a function of time as well as a plot of this data.  A characteristic plot 
is in Figure 6 below.  The script was run for each tracking location on the bow with arrow and the 
dry fired bow. 
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Figure 6:  Scilab Plot 

 Microsoft Excel was used for subsequent analysis in determining the logarithmic decrement 
and the damping ratio of the bow. 
Experimental Data: 
 Figures 8-10 below are plots of the bow limb position as a function of time.  Figure 7 below 
indicates where the measurements were taken relative to the upright bow. 

 
Figure 7:  Measurement Locations for Bow Firing an Arrow.



	 189	

 
Figure 8:  Bow Fired with Arrow:  Tip 

 
Figure 9:  Bow Fired with Arrow:  Mid 
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Figure 10:  Bow Fired with Arrow:  Base 

 This was repeated for a bow fired without an arrow (a "dry fired bow"). 

 
Figure 11:  Measurement Locations for a Dry Fired Bow 
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Figure 12:  Dry Fired Bow:  Tip 

 
Figure 13:  Dry Fired Bow:  Mid 
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Figure 14:  Dry Fired Bow:  Base 

Results and Analysis: 
 The zero displacement visible in Figures 8, 12, and 13 is due to issues in the data.  The bow 
limbs did not have that great of a displacement.  A comparison between Figures 9 and 12 
demonstrate how the arrow fired bow damped out faster than the dry fired bow.  This was due to 
the bow transferring energy to the arrow.  In the dry fire case all energy was transferred to the bow 
limbs which caused greater amplitude oscillations.  Bow manufacturers warn archers to never dry 
fire bows and these figures support this warning.  
 The data was exported to Microsoft Excel for some quantative analysis. The logarithmic 
decrement was recorded for each case by noting the position and time of each positive peak, and 
adding a linear regression through these points. Generally, five to seven peaks were recorded in each 
case.  Only the base data was analyzed for each firing case as it was thought to better represent the 
behavior of the bow.  Only significant peaks were recorded to avoid confusing noise with legitimate 
data.  The logarithmic decrement is summarized in Figure 15 below. 
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Figure 15:  Logarithmic Decrement 

 The logarithmic decrement represents the -ζωn term in the differential equation.  Assuming 
the natural frequency of the bow is constant (supported by Figures 16 and 17), the damping ratio 
was actually greater for the dry fired bow than the bow firing an arrow. 
 In addition to the logarithmic decrement, the natural frequencies of the bow was determined 
using a Fourier transform.  A script (Appendix C) was used to create the plots for Figures 16 and 17.  
Once again, only the base data was analyzed because it seemed to provide the least noisy signal. 
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Figure 16:  Frequency Spectra (Base) of Bow Fired with Arrow

 
Figure 17:  Frequency Spectra (Base) of Dry Fired Bow 

 This analysis indicates both the arrow fired and dry fired bow have peaks at 120 Hz, 100, 
Hz, and 140 Hz.  The dry-fired bow has additional peaks between 100 Hz and 120 Hz and 120Hz 
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and 140 Hz.  Unsurprisingly, the natural frequency of the bow did not depend on whether or not an 
arrow was fired. 
Conclusion: 
 The analysis above indicates the bow behaves like an underdamped spring mass system. The 
degree to which the system is dampened depends on numerous factors including weight, size, 
material, and in this case, the firing of an arrow. When the bow is dry fired the dampening is 
surprisingly more than when an arrow is fired.  The oscillation of the bow limbs was much greater 
for the dry fire than the arrow fire.  This was because energy was transferred to the arrow rather 
than staying in the limbs of the bow. 
 

 [Note: Each appendix was on a separate page in the original document.] 
 

Appendix A:  ImageJ Plot Profile Macro Code 
// StackProfileData 
// This ImageJ macro gets the profile of all slices in a stack 
// and writes the data to the Results table, one column per slice. 
// Version 1.0, 24-Sep-2010 <name> 
macro "Stack profile Data" { 
if (!(selectionType()==0 || selectionType==5 || selectionType==6)) 
exit("Line or Rectangle Selection Required"); 
setBatchMode(true); 
run("Plot Profile"); 
Plot.getValues(x, y); 
run("Clear Results"); 
for (i=0; i<x.length; i++) 
setResult("x", i, x[i]); 
close(); 
n = nSlices; 
for (slice=1; slice<=n; slice++) { 
showProgress(slice, n); 
setSlice(slice); 
profile = getProfile(); 
sliceLabel = toString(slice); 
sliceData = split(getMetadata("Label"),"\n"); 
if (sliceData.length>0) { 
             line0 = sliceData[0]; 
if (lengthOf(sliceLabel) > 0) 
sliceLabel = sliceLabel+ " ("+ line0 + ")"; 
         } 
for (i=0; i<profile.length; i++) 
setResult(sliceLabel, i, profile[i]); 
     } 
setBatchMode(false); 
updateResults; 
} 
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Appendix B:  Scilab Data Conditioning Script 
//This script is designed to condition the data from ImageJ 
clear 
clc 
clf 
AnalyzeCount=0 
tempmatrix=csvRead('Results.xls',ascii(9))//Read File 
Rows=size(tempmatrix,1)//Rows 
Columns=size(tempmatrix,2)//Columns 
whileAnalyzeCount<Columns-1 
AnalyzeCount=AnalyzeCount+1 
k=0 
bowx=[0] 
whilek<Rows//Looks at the matrix rows 
k=k+1 
iftempmatrix(k,AnalyzeCount+1)>100thenbowx=tempmatrix(k,2) 
end 
end 
iflength(bowx)>0thenBowCoordinate(AnalyzeCount)=sum(bowx)/length(bowx) 
elseBowCoordinate(AnalyzeCount)=0 
end 
end 
time=1:Columns-1; 
plot(time./240,BowCoordinate) 
xlabel('Time in Seconds') 
ylabel('Displacement in Inches') 

Appendix C:  Fourier Transform Code 
//Fourier Analysis Code 
clear 
clc 
clf 
y=[]; 
samplerate=240; //Sample Rate per Second 
Data=csvRead('BowLocation.csv'); 
for i=1:size(Data,1) 
    y(i)=Data(i,2) 
end 
fouriertransform=fftshift(fft(y)); 
n=1:size(Data,1); 
magnitude=log10(abs(fouriertransform)) 
frequency=n*(samplerate/size(Data,1)) 
plot(frequency,magnitude) 
title('Frequency Spectra of Bow Oscillations') 
ylabel('Common Log of Magnitude') 
xlabel('Frequency (Hz)')  
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Comments: 
 This is a nice report overall, but there are some issues which are a bit problematic. 

1.  The Abstract is used as if it is also an Introduction section.  An Abstract is not part of the 
report body.  The report should be complete without the abstract.  That’s not the case 
here.  If you start reading the report starting immediately after the abstract, you don’t 
understand what it is all about.  An abstract is a short summary that stands independently.  
It is normally formatted differently, often in a bold font.  The abstract normally includes a 
brief qualitative summary of results.  An introduction normally gives a much more 
detailed background and motivation for the laboratory exercise. 

2. This characterization exercise is described as an “experiment”, which isn’t quite the case 
because there is no hypothesis that is being tested.  The term “experiment” is sometimes 
used for an open-ended exercise with no hypothesis when some unknown is to be 
determined, but this exercise is more properly a characterization. 

3. Figure 1 should follow the callout rather than precede it. 
4. No reference or source is given in the “Experimental Setup” section for the arrow and 

camera particulars, which might have been helpful.  (“Procedure” probably would have 
been a better title for this section, since it addresses more than just the apparatus: also 
how it was used.) 

5. The labeling (axis labels, numbers) for Figure 6 are too small.  Those for Figures 8-10 
and 12-14 are marginal: larger would be better. 

6. Figure 15 should not have a title at the top as well as the bottom, and should not be 
boxed.  No units are given for position.  The correlation expressions shown on the graph 
are never mentioned, and should be omitted unless explicitly discussed.  No legend is 
given for “Linear Bow Amplitude w/o [without] arrow.” 

7. There is a good bit of blank space at the bottom of many pages.  On the other hand, 
spaces between figure titles and the following text, and between the text and a following 
figure, are highly desirable.  Some engineering of the layout might have allowed a more 
easily readable paper and perhaps squeezed the length down by a page.  (For this manual 
the separate pages for the different appendices were consolidated to save a page.) 

8. While this report uses color unnecessarily, the colors used are ones which should print 
OK in monochrome. 
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<name> 
2/27/2013 
 
Experiment 9a:  The No Load Cantilevered Beam Modeled as a Spring/Mass  System—
Effective Mass Considerations          (Application:  Piper Cub Airplane Wing) 
 
Purpose: 
 
 To model the no load cantilevered beam as a spring mass/system to obtain an equivalent 
effective mass of the beam in a spring mass context. 
 
Questions: 
 
1.) The natural frequency of an undamped spring mass system is: 

𝜔' =
¢�££�¤�R¥�
¦�££�¤�R¥�

      (1) 

 Solving this for m yields: 
𝑚�§§�¨�O©� =

¢�££�¤�R¥�
MªX

       (2) 
 The spring constant of the beam is given by: 

𝑘�§§�¨�O©� =
¬�®

`¯®
      (3) 

 Experimentally, the natural frequency is given by: 
𝜔' =

[+
i

       (4) 
 Substituting equations 3 and 4 into equation 1 yields: 

𝑚�§§�¨�O©� =
°�±®

j²®
X³
´

X       (5) 

 Simplifying yields: 
 

𝑚�§§�¨�O©� =
iX¬�®

+X-®
      (6) 

2.) Expected Slope Calculation:
. 144 = .028 ∗ .0018 ∗ 2700 

 
The expected slope is the linear density of the aluminum.  This experiment has demonstrated that 
the effective linear density for the vibrating beam is much less than its actual density. 
 
Data: 
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Table I:  Results 

 
Table II:  Slope and Linear Fit 

 

 
 

Figure 
1: Effective Mass as a Function of Length for Equation 7 
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Conclusions: 
  
 This experiment has demonstrated how the lineal density of a vibrating beam is less than 
its actual lineal density.  While this is a curious discovery it may not be valid.  This lab required 
the static deflection to be computed from the natural frequency.  This requirement means 
Equations 7 and 8 in the manual are coupled, explaining why identical results were calculated 
from each equation.  The data may be in error due to this coupling. 
 
 
Comments: 
 This seems more of an informal report than a formal report.  It does not have an abstract.  
There is no description of the experimental apparatus or procedure.  The results are presented in 
tabular form with no text and callouts.  This is all perhaps acceptable in an informal report.  I say 
“perhaps” because expectations for an informal report are much more open to interpretation and 
possible misunderstanding.  Just what is an “Informal Report”?  It could be anything from filling 
out a form to something just short of all the requirements of a formal report.  If you are asked for 
an informal report, be sure you know exactly what the expectations are.  In any case, even for an 
informal report, correct annotations and formatting of graphs and tables is still required, and you 
must use proper units for data.  Generally, an informal report will require a conclusions section, 
and it may require an abstract (though, apparently, not in this case). 
 This document was converted from an “.odt” file (LibreOffice application for word 
processing) which is why the tables were converted from the original document to jpg files in 
order to be inserted into this Word document.  The misalignment of the title for Figure 1 is also 
an artifact of conversion to a Word document from the original, which was correct. 

Figure 2: Effective Mass as a Function of Length for Equation 8 
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 Putting the goodness of fit equations on the graphs would normally not be done in a 
formal report; they would be in the text.  For this informal report, with no text in the results 
section, the placement used is satisfactory.  
 This exercise is on a blurry line between an “experiment” and a “characterization”.  
Calling it an “experiment” is appropriate because the performance is compared to what theory 
predicts.  The implicit hypothesis is that theory accurately predicts the behavior.  In this case, 
there is a significant difference between theory and experimental results.  The reader wonders, 
“Why?”  Some discussion is given to the issue, but no method for resolving the discrepancy is 
recommended. 
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EE241  Digital Design 

 
<name> 

Wilkes University 
May 29, 2008 

 
Abstract 
 A traffic light controller for an intersection of three roads (five corners) was 
designed using conventional sequential design techniques, and implemented with Low 
Power Schottky TTL logic.  The design was simulated with Logicworks 3 but the 
simulation results were incorrect.  However, the circuit was built and tested, and found to 
operate in a correct manner matching the requirements specified for the intersection. 
 
1.  Background 
 Brook Road, Laburnum Avenue, and Fauquier Avenue form an important intersection in 
northern Richmond, Virginia.  The first two roads are heavily used, but Faquier has only light 
traffic.  So, a traffic light controller design for this intersection was needed that would be 
sensitive to traffic conditions.  The design was to be used for instruction in the class EE241, to be 
implemented by students, so reasonable simplifications were considered acceptable, including 
use of the same time for Green lights for both of the main streets and Fauquier, and the Yellow 
timing could also be used if desired for Fauquier Green timing, although this was not done. 
 
2.  Specification 
 The intersection is shown in Figure 1.  Fauquier is to get a Green signal only when an 
automobile is detected on the inductive sensor embedded in the pavement of that road, and that 
Green cycle may add to the overall light cycle time.  The signals are not synchronized to other 
signals.  No delay between a light turning Red in one direction is needed before it turns Green 
for another direction. 
 

              
Figure 1  The intersection 
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3.  Design 
 The system outputs are the signals to the traffic lights.  Since both directions of a given 
street get the same signal, the different output signals can be simplified to those listed in Table 1.  
Furthermore, the Red signals can be considered combinational functions of the Green and 
Yellow signals, simplifying the design of the sequential machine that controls the traffic signal.  
There is only one input to the system, the vehicle sensor, identified as signal XS.  However, 
timers are needed for the Yellow as well as the Green lights.  In the interest of simplicity, the 
decision was made to give Fauquier Ave. the same length Green as the other streets.  These 
timers can be implemented as monostable multivibrators (one – shots) outside the sequential 
controller proper.  The timer triggers are identified as TG and TY for Green and Yellow 
respectively, and their outputs as XG and XY.  The resulting block diagram of the overall system 
is shown in Figure 2. 

Table 1  Output signals 
Output  Output 
Signal  Signal 
Name  Identity 
BR  Brook Road Red 
BY     Brook Road Yellow 
BG    Brook Road Green 
LR  Laburnum Ave. Red 
LY    Laburnum Ave. Yellow 
LG    Laburnum Ave. Green 
FR  Fauquier Ave. Red 
FY    Fauquier Ave. Yellow 
FG    Fauquier Ave. Green 
 

 
Figure 2  System Block Diagram 

 
     3.1  Output logic design 
 The design of the Red Logic is very straightforward.  Each Red is on whenever neither 
the Green nor yellow is on for that direction.  This gives the Red output equations given in Table 
2. 

  Table 2  Red Output Equations 
BR = (BG + BY)’ 
LR = (LG + LY)’ 
FR = (FG + FY)’ 
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3.2  Timer design 
 Design of the one-shots is a matter of choosing the time for each, and then selecting the 
component values for R and C to give the required delay.  Since the design is to use 74LS parts, 
the 74LS123 was selected because it incorporates two one shots into a single package.  The time 
delay is specified as a function of the R and C values connected to each section of the device is 
given by equation 1.  Since no special guidance for times was given, the design was developed 
for Green times of approximately 10 seconds and a Yellow time of about 5 seconds.  These times 
could be easily changed by the adjustment of the resistance values. 
 
     t = .45 R C             (1) 
 

The component values chosen are given in Table 3. Because the capacitor values are 
large, electrolytic capacitors must be used.  Since these have poor high frequency characteristics, 
it is necessary for small capacitors having good high frequency characteristics to be used in 
parallel with them. 
 

     Table 3  One – shot timer component values 
Timer  time (sec) R (W)  C (µF) 
Green  10  22K  1,000 
Yellow    5  12K  1.000 

 
     3.3  Sequential machine design 
 The sequential machine design is specified by the state diagram shown below in Figure 3.  
The sequence continues through states A to D unless the sensor, checked when the yellow phase 
of Laburnum Avenue ends, is active, adding states E and F to the sequence.  Thus, Fauquier 
follows Laburnum, an arbitrary choice allowed by an absence of a specific sequence in the 
specification.  The state diagram was converted into the form of a symbolic state table as shown 
in Table 4. 
 

 
Figure 3  Traffic Signal State Diagram 

 
 At this point, four different design approaches were considered.  These were:  Classical 
state machine design, One Hot state machine design. Almost One – Hot state machine design, 
and Counter based machine design 
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Table 4  Symbolic State table for the Sequential Machine 

 
 
          3.3.1  Classical State machine design 
 This approach minimizes the number of state variables.  With only six states, this would 
allow the use of only three latches.  Because the latch device to be employed is the 74LS74 dual 
D latch, two devices would be needed, meaning one would be wasted.  Still, this would be a 
smaller number than for the One – Hot designs. 
 A state assignment was made by simply assigning state variables to the states in Grey 
Code order.  Checking alternate assignments for optimality was not done pending comparison 
with the other design approaches.  The symbolic state table was then converted into the state 
table shown in Table 5.   This table was then converted into the Karnough Maps developed for 
AND-OR or BAND-NAND logic shown in Figure 4 . 
 

Table 5  State table for Classical State Design 

 
 
 The state variable excitation equations derived from Figure 4 are given in Table 6, and 
the Output Equations in  Table 7.  Assuming inverted inputs are available, the number of gates 
required is 20 for state excitation and output variables, with 56 inputs total.  No gate needs to 
have more than four inputs.  Using SSI TTL, this logic could be implemented with seven 
combinational devices (2 x 74LS00, 3 x 74LS10, 2 x 74LS20). 
 

Table 6  State Variable Equations for Classical Sequential Design 
D2 = Y2Y0’ + Y2XY + Y1XSXY’    (terms a,b,c) 
D1= Y2Y0’ + Y1 XY + Y2’Y0XY’ + Y1XSXG’  (terms a,d,e,f) 
D0= Y1’XG’ + Y2’Y0XG + + Y2Y0XY + Y2Y1Y0’XY’  (terms g,h,I,j) 
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Figure 4  Karnough Maps for Classical Sequential Design 

 
Table 7  Output Equations for Classical Sequential Design 

 BG= Y1’Y2’    (term k) 
BY= Y1’Y0    (term m) 
LG= Y2’Y1Y0    (term n) 
LY= Y2’Y1Y0’    (term p) 
FG=Y2Y0’    (term a) 
FY=Y2Y1    (term q) 
TG= Y1’Y2’ + Y2Y0’ + Y2’Y1Y0 (terms a,k,n) 
TY= Y1’Y0 + Y2Y1  + Y2’Y1Y0’ (terms m,p,q) 
 

 For the classical design, one final issue is the question of what happens if the machine 
happens to start up in one of the “Don’t care” states, G or H.  State H always goes to state E or F, 
but state G stays in G as long as XY is 1, turning on Yellow lights in all three directions, and then 
goes to A.  This is assumed to be acceptable. 
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          3.3.2  One-Hot machine design 
 In One – Hot design, one state variable is assigned to each state.  For this sequential 
machine, that requires 6 latches, or two 74LS74 devices.  In any given state, the state variable 
corresponding to the state is “1” and all other state variables are “0”.  It is usually necessary to 
initialize the machine on power – up to a desired legitimate state.  The state variable assignments 
are given in Table 8 along with the excitation equations, which can be derived directly from the 
state table.  Note that in this scheme, the output variables BG to FY correspond directly to the 
state variables QA to QF respectively, so no separate output logic is needed for these outputs.  
The combinational logic needed requires 21 gates having 47 inputs (exclusive of inverters, of 
which at least one is needed).  No gate needs to be larger than three input.  The combinational 
logic requires six devices (2 x 74LS10, 4 x 74LS00) plus an inverter (74LS04) for the input plus 
the three 74LS74 dual latches, for a total of 10 devices.  In addition, power-up reset is needed, so 
this approach is no better and perhaps somewhat worse than classical design. 
 

Table 8  One – Hot state variable assignment and equations 
State Variables Excitation and Output Equations 
A 100000 DA = QAXG + QDXS’XY’ + QFXY’ 
B 010000 DB = QAXG’ + QBXY 
C 001000 DC = QBXY’ + QCXG 
D 000100 DD = QCXG’ + QDXY 
E 000010 DE = QDXSXY’+QEXG’ 
F 000001 DF = QFXY + QEXG 
   TG = QA + QC + QE 
   TY = QB + QD + QF 

 
          3.3.3  Almost One-Hot design 
 This method is similar to One-Hot, but QA is omitted, and State A has all state variables 
equal to zero.  This can be more convenient if reset zeros all state variables rather than setting 
one of them to a 1.  One latch (for QA) is in effect replaced by logic that detects that all latches 
are zero, or any logic AND or NAND gates that would have used QA are expanded to a large 
enough size to have the inverted state variables to be substituted.  This would require at the very 
least a large gate (74LS30) and would save one latch.  So, this approach was judged as inferior to 
those above and not explored further. 
 
          3.3.4  Counter Based Machine Design 
 The nature of the state diagram suggests that implementation using a Medium Scale 
Integration (MSI) counter might be efficient, since the sequence is an ordered progression and 
always returns to the first state.  A counter such as the 74LS162 with a synchronous count enable 
and a synchronous clear is needed.  With some modification, a counter with an asynchronous 
clear could be used instead.  The light outputs can be generated using a decoder such as the 
74LS42.  Combinational logic is needed for the Count enable and Clear signals, as well as the 
timer outputs.  Figure 5 gives a diagram of the system.  Table 9 gives the state assignments.  The 
functions are derived from the state diagram, and are given in Table 10.  We want to count when 
in an even state when XG goes off, or in an odd state whenever XY goes off, unless we want to 
reset instead. 
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Figure 5  Counter based machine design diagram 

 
Table 9  Synchronous Counter Design 

State Variables (Q3 to Q0) 
A  0000 
B  0001 
C  0010 
D  0011 
E  0100 
F  0101 

 
Table 10  Count Enable, Clear, Output functions for the synchronous counter design 

ENP = Q0’XG’ + Q0XY’CLR 
CLR=Q1Q0XS’XY’ + Q2Q0XY’ 
TG = Q0’ 
TY= Q0 

 
 This design requires a device each for the counter and decoder, and six gates with 16 
inputs not counting inverters.  The largest gate has four inputs.  The combinational logic requires 
two devices (1 x 74LS20, 1 x 74LS10) plus an inverter for the clear signal and another for the 
input from the sensor.  However, the 74LS42 decimal decoder has active low outputs; if that is a 
problem, another inverter device is needed.  Overall, this design needs only 6 devices.  This 
efficiency suggests that the classical design might be made considerably more efficient by using 
a binary rather than a Grey code order for the state variable assignment. 
 
          3.3.5  Binary ordered classical design 
 The classical approach was repeated with a binary state ordering.  This design resulted in 
15 gates and 39 inputs (exclusive of inverters), a considerable reduction.  The state table is 
shown in Table 10, and the Karnough Maps in Figure 6. 
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Table 10  A state table with binary assignment of state variables 
 

 
 
 

 
 

Figure 6  Karnough Maps for binary assignment of state variables. 
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 The state variable excitation equations and the output equations derived from the 
Karnough Maps are given in Table 11.  These functions can be implemented in TTL using x 
devices (1 x 74LS20, 2 x 74LS10, 2 x 74LS00) plus perhaps an inverter or two necessary to give 
inversions for single gate circuits if implemented with NAND logic. 
 

Table 11  State variable excitation and output equations for binary assignment 
D2 = Q2Q0’ + Q2XG + Q2Q0XSXY’ (terms a,b,c) 
D1 = Q1Q0’ +  Q1XY + Q2’Q1’Q0XY’ (terms d,e,f) 
D0 = Q2’Q1’Q0XY’ + Q0’XG’ + Q0XY (terms f,g,h) 
BG = Q2’Q1’Q0’     (term i) 
BY = Q2’Q1’Q0   (term j) 
LG = Q1Q0’    (term d) 
LY = Q1Q0    (term k) 
FG = Q2Q0’    (term a) 
FY = Q2Q0    (term m) 
TG = Q0’    (term n) 
TY = Q0    (term p) 

 
          3.3.6  Implementation 
 The binary ordered classical machine design  was the design chosen for implementation.  
The schematic of the circuit is shown in Figure 7.  The device identification and power and 
ground connections are given in Table 12.  There are several point to note.  The function FY was 
implemented using NOR logic (By DeMorgan’s Theorem) instead of AND to utilize the fourth 
gate on the device to be used to generate the red signals BR, LR, and FR.  There were two extra 2 
input NAND gates and two inverters needed, so the extra BAND gates were used as inverters to 
generate LG and FG.  Finally, a 3 input AND gate was used for BG, BY, and LY instead of 
NAND to eliminate the need to invert these signals. 

 
Figure 7  Traffic Signal Sequential Design Schematic
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Table 12  Traffic Signal Sequential Controller Power and Ground Connections 

 
 Figure 8 shows the design of the Red Signal output logic, and Figure 9 shows the design 
of the One-Shot timing circuits. 

 
Figure 8  Red signal output logic 

 

 
Figure 9  One – Shot timing circuit 
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4. Procedure 
 When this laboratory exercise was performed, the version of Logicworks available to 
simulate the system was Logicworks 3, which did not include One-Shot multivibrator.  So it was 
not possible to test the design as a complete system.  Instead, binary switches were used for 
inputs XG and XY, with inverters to generate XG’ and XY’, as shown in Figure 10.  A binary 
switch was used to generate XS.  The switches were manipulated to generate a timing sequence.  
Errors found were then used to correct problems in the design. 

 
Figure 10  Simulation Test Circuit 

 
 The design was then implemented using LSTTL logic on a solderless breadboard, with 
LEDs used to represent the traffic signals.  The correct operation of the circuit was observed, 
although occasional problems with the One-shots were observed, as described later. 

 
5.  Results 
 The simulation results in the form of a timing diagram are shown in Figure 11.  In this 
version of the report, there is still a fault in the design; the cycle goes from Brook Road Yellow 
to Laburnum Yellow without first going to Laburnum Green.  (This may be because the one-
shots were not quite properly manipulated.  There is also some reason to believe that the 
Logicworks 3 7474 part is not working correctly; for Q0 both Q and /Q outputs had 0 value at the 
same time, which obviously is not correct.  (This needs to be re-done in Logicworks 5.) 
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Figure 11  Timing diagram for simulation of the system 

 
 The actual circuit worked, following the normal two street cycle when the sensor was 
inactive, and including the Fauquier Avenue Green and Yellow when the sensor was active.  
There were occasions when the one-shots retriggered when they should not have, despite careful 
bypassing. 
 
6.  Conclusions 
 The actual circuit worked as expected, and was seen to operate correctly on May 30, 
2008, even though the simulated circuit failed.  The reasons for the simulation exercise failure 
may have to do with problems in Logicworks 3.  At this time no clear reason for the problem has 
been found. 
 The design used was one of several possible approaches.  This particular design could 
have also been built using a single GAL with perhaps one or two small SSI devices, and that 
would have been more efficient, but it could not have been simulated since Logicworks cannot 
represent the function of a GAL with a program generated using WinCUPL, and the Abel student 
edition that was supported by Logicworks is no longer available. 
 
Reference 
 
Fairchild, “DM74LS123 Dual Retriggerable One-Shot with Clear and Complementary Outputs,” 
accessed from: http://www.jameco.com/Jameco/Products/ProdDS/46480.pdf on May 29, 2008. 
 
 
Comments: 
 This example is a design oriented laboratory exercise at the more complex end of the 
scale.  Notice that the design documentation, including the decomposition of the overall system 
into three parts, the exploration of different design approaches, and the final detailed design steps 
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constitute most of the report.  For that reason, sub-headings are used, and these are numbered.  
Usually reports have a better balance of size between major headings, making the use of 
subheadings less necessary, but here’s an example to the contrary. 
 Good engineering design involves considering alternate ways to do things.  It is usually 
helpful to the reader to see very explicitly the approaches that were considered and how they 
compare with the method used.  Often these can be compared using a “metric” such as the 
number of devices, number of gates, or number of gate inputs.  Ultimately, it’s about cost, and 
these metrics can be used as surrogates for the quantities important if a design is manufactured in 
quantity.  If an actual SSI based design was to be built, the number of devices would be most 
important.  If it was to be built with CMOS custom silicon, the number of inputs (with 
allowances for latches and buffers and such) would be most important, because that scales 
closely with the number of transistors, and perhaps wafer device area.  If the design was to go 
into a Field programmable gate Array, the number of gates is probably the most important 
metric.  It might have been useful to include a table comparing the different methods with 
respect to these metrics.  If the alternative designs had been implemented further, those details 
might well have been relegated to an appendix, and even the K-maps might well have been put 
there as well. 
 Notice the different graphics.  The image that became Figure 7 was converted into a bit 
mapped graphic, then had to be stretched to fit the area.  It doesn’t look good.  (In the process, it 
was also converted to grey scale rather than color, and stored as a TIFF file.)  It requires 292 KB 
of storage.  Figure 10, with very similar content, was converted into a PICT file by the original 
program Logicworks 3 and then directly loaded into Word by insertion, and came out looking 
much better.  It requires only 16 KB, and still includes color.  The difference: the second graphic 
was not converted into pixels, it remained in a line oriented format.  That is much to be 
preferred!  If you use very many images, especially if they have sufficiently good resolution to 
print well, your document in electronic form will get quite large.  That means it’s an early 
candidate to throw away when people try to clear space, and will be slow to download.  Another 
example is Figure 11, captured by screen shot as an image, then stretched to larger size.  Because 
it is simple and most lines are vertical and horizontal, its limited resolution does not affect 
readability nearly so much as the process used to obtain Figure 7.  It was also much smaller, at 
4KB. 
 Notice that the State tables are listed as Tables, but the Karnough Maps are figures.  The 
latter perhaps could be justified as tables, but they do have the drawn gates. 
 (In this draft of this manual, the lab report above is an example only.  It has not actually 
been tested yet, and is hastily provided in its current form until the laboratory (and, especially the 
simulation) work on it can be completed.  Clearly one would prefer to show good simulation 
results.  The graph showing the results should be annotated to point out significant features, and 
that has been deferred for now until Logicworks 5 can be used to get good results.) 
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Abstract: 
 A propane fueled blacksmith forge was designed, built, and modeled in a finite 
element analysis (FEA) program for this project.  The thermal conductivity of the 
insulation was calculated experimentally.  The propane flow was assumed to be 
incompressible for any fluid dynamics calculations.  Experiment was compared to 
theory using FEA.  The FEA model closely agreed with actual measurements from the 
forge. 
 
Introduction: 
 Blacksmithing has been an important profession for much of human history.  
This is why the last name “Smith” is so common.  Although the blacksmith has largely 
been replaced by automated machinery today there is a revival of interest in learning the 
old methods for hobby and profit.  This is why we decided to pursue the “system design 
of our choice” project to construct a propane forge suitable for the hobby blacksmith 
using widely available parts. 
 We chose to build a propane fired forge as opposed to a charcoal, coal, or coke 
fired forge for multiple reasons.  The first reason is for ease of use.  Propane forges heat 
up quickly and do not require much tending to keep running.  In addition atmospheric 
forges such as our design do not require blowers either to reach forging temperatures 
unlike charcoal, coal, or coke forges.  The second reason is safety.  While coal and coke 
make excellent forging fuels their fumes release toxins that attack the nervous system.  
Burning propane is clean and safe.  Finally, propane is more widely available than 
charcoal, coal, or coke that is suitable for forging. 
  
Construction Procedure and Measurements: 
 The forge body was constructed using a steel bucket.  A 1.5” diameter hole was 
drilled in the bucket to mount the burner.  The burner holder was made from a 1.5” pipe 
nipple 4” long.  Three holes tapped to 1/4”-20 were drilled 120 degrees apart in the pipe 
nipple to hold the burner in place.  The burner holder was attached to the forge body 
using conduit lock rings.  Legs were fabricated using steel strapping that was bent then 
welded to the bottom of the forge.  The interior was lined with two 1” thick ceramic wool 
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fiber insulation blankets.  Everything except the insulation blanket was obtained locally 
which was ordered from an online casting supply house.  The exterior was painted with 
low emissivity (silver) header paint to minimize radiation losses.  The word “HOT” was 
painted on the side with black barbecue paint for safety.  The black paint also provided a 
high emissivity surface from which to measure the actual surface temperature using an 
infrared thermometer.  The mechanical drawing for the forge body is in Figure 1 below. 

 
 The burner was constructed using black iron pipe.  Galvanized is unsuitable 
because it releases toxic zinc fumes when hot.  Propane entered the mixing chamber 
from a 1/2” pipe nipple capped and machined to hold a .035” MIG welder contact tip.  
This was held in the mixing chamber using a 1.25 inch pipe plug drilled out to fit the 
nipple.  The contact tip served as a nozzle to increase the velocity of the propane flowing 
into the mixing chamber.  The mixing chamber was made using a Ward brand  
1.25”x.75” x 1.25” reducing tee.  Ward brand tees are tapered unlike most other brands.  
This allows the propane/air mixture to flow better into the burner tube.  The burner 
tube used a .75” pipe nipple 10” long.  The end of the burner had a stainless steel flare.  
The flare served as a diffuser that prevented combustion from occurring in the burner 
tube.  The burner flare was made from stainless steel and swaged using a custom turned 
tool to achieve the proper taper.  An oxyacetylene torch was used to heat the flare to a 

Figure 1: Forge Body 
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red heat for hot working during swaging.  The flare was mounted to the burner tube 
using three Allen key set screws.  The burner was sealed with a combination of liquid 
pipe dope and PTFE tape to prevent propane leaks.  Figure 2 contains a diagram of the 
burner.   

 
 The burner was tuned by lighting it outside of the forge and adjusting the 
position of the MIG contact tip in the mixing chamber to achieve the bluest and most 
stable flame.   
 A propane regulator was required to control the propane flow to the burner.  We 
used a high flow rate regulator designed for a propane smoker.  A gas grill propane 
bottle was used to fuel the forge.  It was connected with standard propane fittings.  A 
photograph of the assembled forge is in Figure 3. 

Figure 2: Side Arm Burner 



	 219	

 
 The forge was lit by placing newspaper in the forge body and lighting the 
newspaper.  Once the newspaper was lit the gas supply was turned on which lit the 
burner.  We found that 8 PSI on the regulator achieved the most stable flame with 
minimal fuel usage.  The forge was run for 20 minutes to allow it to reach the steady 
state temperature before temperature measurements were made.  The radiation and 
surface temperature on the exterior of the forge body were measured from the silver and 
black parts, respectively using an infrared thermometer.  The interior of the forge was 
estimated from the color of the walls.  This was necessitated because the interior 
temperature was greater than 2000 degrees F and outside of the measurable scale for 
our Type K thermocouple.  Figure 4 contains the image used for estimating the interior 
temperature. 

Figure 3: Assembled Forge 
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 The cooler parts are an orange-yellow while the hottest parts are a yellow-white 
color.  This corresponds to 2192-2372 degrees Fahrenheit [1].  A summary of all forge 
temperatures are in Table 1 below. 

Table 1:  Summary of Forge Temperatures 

Location Temperature (Fahrenheit) 
Surface Temperature (Black Paint) 376 

Radiation Temperature (Silver Paint) 336 
Interior Temperature 2192-2372 

 
Results, Discussions, and Analysis: 
 The infrared thermometer uses infrared radiation to calculate temperature.  The 
Stefan-Boltzmann law (Equation 1) for radiation from a black body is used to calculate 
the thermodynamic surface temperature [2]. 

𝑞′′ = 𝜖𝜎(𝑇�` − 𝑇d`)      (1) 
 The emissivity and thermodynamic surface temperatures are unknown.  In order 
to measure the thermodynamic surface temperature the infrared thermometer assumes 
an emissivity of 1.  As a result it inaccurately measures the thermodynamic temperature 
of surfaces that do not have an emissivity close to 1.  While black paint has an emissivity 
of about .94, silver surfaces only have an emissivity of about .26 [3].  This means the 
infrared thermometer receives less radiation than it expects from a silver surface and 
estimates the silver surface to be colder when in actuality it is not.  This also 

Figure 4: Forge at Temperature 
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demonstrates effectiveness of using silver paint to minimize radiation losses. 
 To compare experiment to theory, we calculated the thermal conductivity of the 
forge body based on an assumed heat generation term for propane combustion.  We 
then used that thermal conductivity in a FEA program which calculated the forge body 
surface temperatures based on the estimated interior forge temperature.  We compared 
the measured exterior temperature to the ones predicted by the FEA to evaluate the 
validity of our models. 
 The first step to calculating the thermal conductivity of the forge was to calculate 
the mass flow rate of propane into the forge.  Bernoulli's equation for a nozzle is: 

µg
¶
= BXX

[·
       (2) 

 Solving for velocity: 

𝑉[ =
[¹µg
¶

      (3) 

 Applying Equation 3 to the MIG contact tip (nozzle) allows the velocity of 
propane through the nozzle to be calculated.  The upstream nozzle pressure (pressure at 
the regulator) was 8 PSI.  Propane properties were obtained from [4]. 

𝑉 = [∗u[.[§� �X∗33w[�� §�X

.33xu�� §�X

𝑉 = 92.9 𝑓𝑡 𝑠
    (4) 

 The velocity allows the mass flow rate to be calculated.  The diameter of the 
nozzle was 0.035 inches. 

𝑚 = 𝜌𝐴𝑉      (5) 

𝑚 = .33xu∗+∗.%uwX

`
∗ 92.9 = 10.4×10\u 𝑙𝑏 𝑠   (6) 

 
 There are 21,591 BTU's of energy per pound of propane [4].  Assuming all of this 
energy is released upon combustion, the energy generation of propane burning in the 
forge is: 

10.4×10\u ∗ 21591 = 224.4𝐵𝑇𝑈 𝑠   (7) 

 This is equal to 174.5x103 in-lb/s assuming 1 BTU=778 in-lb.  The thermal 
resistance of a cylinder is given by: 
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𝑅�� ¦d� =
¿À( Á  R)
[+¢

      (8) 

 The thermal conductivity may be solved for since all other components are 
known.  Assuming steady state without energy storage the heat transfer equation is: 

174.5×10uin-lb/s = ([u%% ÁÂ\uyx ÁÂ)∗[+∗33.yw¢
¿À(3[ y.yw)

   (9) 

𝑘 = .537 ft-lb
in-s ÁF

     (10) 

 This value was used for the thermal resistance of the FEA model.  The specific 
heat of the insulation was .27 BTU/lb-0F or 2530 in-lb-0F/lb-[4].  This was also used for 
the thermal analysis.  A detailed description of the thermal analysis is in Appendix A.  
The FEA model provided a method of comparing experiment to theory.  The radial 
temperature distribution as calculated by FEA is in Figure 5 below. 

 
 The surface temperature of this model ranged from 300-400 degrees.  Although 
this model is in close agreement with our measurements there are some issues with the 
model.  The radial heat distribution should be symmetrical.  This disagreement is most 
likely due to problems with meshing.  While the model is perfect from a design 
standpoint it is not optimal from an FEA standpoint due to sharp edges (these can cause 
singularities).  The non-symmetrical shape also caused non-uniform meshes which 
created an unusual temperature distribution. 

Figure 5: Radial Temperature 
Distribution 
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 Furthermore our hand calculations assumed incompressible flow for propane.  
This may be overly simplified due to the high velocity flow of propane through the 
nozzle.   
 
Conclusions: 
 The reasonable agreement between the FEA model and our measurements 
indicate a good agreement between experiment and theory.  The discrepancies between 
the model and experiment may be due to sharp edges on the model and the model's 
unusual geometry.  It may also be due to oversimplifications on model assumptions. 
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Appendix A:  Report on FEA Model 
 

 
 

Forge Design Analysis 
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Forge Thermal Model 
Created by 
Author: Matt Parmenteri  
Department: Department of Engineering and Physics 
Created Date: 11/30/2012  

 

Reviewed by 
Reviewer: Wyatt Culler & Ryan Rozaieski 
Department: Department of Engineering and Physics 
Model Created Date: 11/30/2012 
Reviewer 
Comments: 

Model is within expected margins of error. 

 
Executive Summary 
 
This model was created to test the experimental data acquired from the gas powered propane 
forge. A model of the forge was created in Autodesk Inventor and imported into Autodesk 
Simulation Multiphysics.  A thermal model was created using the CAD model from Inventor and 
the appropriate loads were applied. Conductive, convective, and radiative loads were accounted 
for appropriately. 
Summary 
Model Information 
Analysis Type - Steady-State Heat Transfer 
Units - English (in) - (lbf, in, s, °F, °R, V, ohm, A, in·lbf) 
Model location - C:\Users\Matt P\Documents\College\ME-326\Forge\Forge ASM Thermal 
Model 3.fem 
Design scenario description - Design Scenario # 2 
 
Analysis Parameters Information 
 
Multiphysics Information 
 

Use electrostatic results to calculate Joule Effects No   

Include fluid convection effects No   
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Processor Information 
 

Boundary Temperature Multiplier 1   

Convection Multiplier 1   

Radiation Multiplier 1   

Heat Generation Multiplier 1   

Radiation Temperature Increment To Absolute 459.7 °F 

Stefan-Boltzmann Constant 3.083e-011 in·lbf/(s*in²*°R^4) 

Default Nodal Temperature 70 °F 

Type of Solver Automatic   

Avoid Bandwidth Optimization No   

Stop After Stiffness Calculations No   

Control of Heat Rate at Boundaries Temperature Controlled   

Nodal Temperature Data Results in Output File No   

Equation Numbers Data Results in Output File No   

Avoid heat Flux Data Output Yes   

Element Input Data in Output File No   

Nodal Input Data in Output File No   

Perform Nonlinear Iterations No   

Criteria Stop When Relative Norm 

Maximum Number of Iterations 15   

Corrective Tolerance 0.001   

Relaxation Tolerance 0.001   

Relaxation Parameter 1   
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Part Information 
Part ID Part Name Element Type Material Name 

1 Forge Body:1 Thermal Brick steel, mild 

2 Insulation:1 Thermal Brick [Customer Defined] (Part2) 

3 Side Arm Burner:1 Thermal Brick steel, mild 

 

Element Information 
Element Properties used for: 
 

• Forge Body:1 
• Insulation:1 
• Side Arm Burner:1 

Element Type Thermal Brick 

Material Model Isotropic   

1st Integration Order 2nd Order   

2nd Integration Order 2nd Order   

Heat Flow Calculation Linear Based on BC   
 

Material Information 
 
 
steel, mild -Thermal Brick 

Material Model Standard   

Material Source Not Applicable   

Material Source File   

Date Last Updated 2012/12/03-15:30:14   

Material Description Customer defined material properties   

Material Model Isotropic   

Mass Density 0.000735489560061438 lbf·s²/in/in³ 

Thermal Conductivity 6.99403381028984 in·lbf/(s*in*°F) 

Specific Heat 396107.199511686 in·lbf/(lbf·s²/in*°F) 
 
 
Durablanket Ceramic Wool (Part2) -Thermal Brick 

Material Model Standard   

Material Source Not Applicable   
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Material Source File   

Date Last Updated 2012/12/03-15:46:51   

Material Description Customer defined material properties   

Material Model Isotropic   

Mass Density 0.00011977438128227 lbf·s²/in/in³ 

Thermal Conductivity 0.537 ft·lbf/(s*in*°F) 

Specific Heat 977500 in·lbf/(lbf·s²/in*°F) 
 

Loads 
FEA Object Group 1: Forge Temp 
Surface Controlled Temperature 

I
D Description Part 

Number 
Surface 
Number 

Magnitude 
(°F) 

Stiffness 
(in·lbf/s/°F) 

Load Case 
/ Load 
Curve 

Scale 
(in·lbf/s) 

Activation 
Time (s) 

Time 
Varying 

1 Unnamed 2 5 2300 1E11 1 1E11 0 No 

2 Unnamed 2 6 2300 1E11 1 1E11 0 No 
 
FEA Object Group 2: Natural Convection 
Surface Convection Load 

I
D Desc. Part 

Number 
Surface 
Number 

Coefficient 
(in·lbf/(s·°F·i
n²)) 

Ambient 
Temp (°F) 

Load 
Case / 
Load 
Curve 

Amb. Temp. 
Load Case / 
Load Curve 

Amb. 
Temp. 
Load 
Curve 
Mag. (°F) 

Coeff. 
TempDe
p. 

Coeff.T
able Id 

On 
Both 
Sides 

Ts 

1 Unnamed 1 20 0.010204 70 0 0 1 No 1 No Yes 

2 Unnamed 1 38 0.010204 70 0 0 1 No 1 No Yes 
 
FEA Object Group 3: Ambient Radiation 
Surface Radiation Load 

I
D Description Part 

Number 
Surface 
Number 

Magnitude 
(1) 

Ambient 
Temperature 
(°F) 

Load 
Case / 
Load 
Curve 

Ambient 
Temp 
Load 
Case / 
Load 
Curve 

Ambient 
Temp Load 
Curve 
Magnitude 
(°F) 

Both 
Sides 

1 Unnamed 1 38 0.6 70 0 0 1 No 
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Results Presentation Images 
 
Radial Temperature Gradient 

 
Comments: 
 This is a nice example of a design project in the mechanical domain.  Some issues are: 

1. The authors sometimes write in first person, particularly in the Introduction and 
occasionally later.  Generally third person passive voice is preferred. 

2. The figure titles were distorted/misplaced in converting this to a Word document; 
they were correct in the original. 

3. Figure 5 (shown larger in the appendix just above) is an example where color must be 
used.  Monochrome just can’t render this in a satisfactory manner.  The grey 
background will use up toner unnecessarily, though. 

4. There are severe margin problems in the appendix. 
5. Notice in equation 5: “10.4 x 10-3 lb/s”.  The common abbreviation “m” (milli) is not 

by custom used with lb.  The authors were attuned to this usage, and correctly used 
scientific notation instead; .0142 lb. would have also been acceptable.  
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Abstract: 

In this experiment, a force transducer was utilized to measure the magnitude and position of a 

load on a simply supported beam independent of boundary conditions.  Dr. Bednarz’s 

dissertation was used as a model for the experiment[1].  The transducer consisted of seven 

equally spaced strain gages.  The strain measurements were taken for a single load at a known 

location.  The system was calibrated for the known load, and then the experiment was repeated 

with an unknown load.  The boundary condition was switched and the system was recalibrated.  

The experiment proved that the force transducer worked efficiently even with various boundary 

conditions.  The max force errors were found to be 4.5 and 4.7% and the max zero errors were 

found to be 3.3% and 3.6% for each boundary condition.     
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Introduction:   

The purpose of this experiment was to recreate and verify Dr. Bednarz’s strain gage based force 

transducer with multiple boundary conditions [1].  Dr. Bednarz’s force transducer uses equally 

spaced strain gages to determine the magnitude and location of a load on a beam regardless of 

the simply supported beam’s boundary conditions [1].  Two boundary conditions were tested, 

Hard-Hard and Soft-Soft.  The Hard-Hard boundary conditions consisted of placing both ends on 

a flat metal surface.  The ends were not fixed to the table.  The Soft-Soft boundary condition was 

simulated by placing the ends on two kitchen sponges.  A known load was placed discretely at 

set locations on the beam.  The strain measurements were taken from the strain gages and then 

used to experimentally calculate the load and location.   

Procedure and Experimental Data: 

The experiment used a 24 inch Aluminum 6061-T6 beam that was 1/8” thick and 1 inch wide 

[2].  The beam was cleaned according to Vishay procedure.  The beam was initially degreased 

and wiped clean.  Isopropyl alcohol was used along with course sandpaper and then cleaned.  

Fine sandpaper was again used with isopropyl alcohol and then wiped clean with gauze.  Seven 

uniaxial strain gages were mounted longitudinally at positions located in Figure 1. 

 
Figure 1: Location of Uniaxial Strain Gages [2] 

Each gage was adhered on the beam using super glue and tape.  The tape was then removed and 

the gages were each soldered to leads.  The leads were checked for continuity and then 

connected to the Vishay Micromeasurement System 8000.  The beam was setup by setting the 

last three inches of each side on the designated boundary condition.  The two boundary 

conditions used were Frim-Frim (both ends placed unfixed on a metal surface) and Soft-Soft 

(both ends placed on a kitchen sponge).  A single known load was then placed on the beam at set 

discrete locations shown in Figure 2.   
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Figure 2: Locations of Discrete Load Placement [2] 

The actual Firm-Firm setup is displayed in Figure 3.  The strain gages were placed facing down 

so the leads would not get in the way when placing the loads.  Pencil marks were made where the 

intended load was to be tested, also shown in Figure 2.   

 
Figure 3: Beam Setup for Firm-Firm Boundary Condition 

For each boundary condition, two different loads were tested.  For Hard-Hard, both 5 and 6 

pound loads were used.  For the Soft-Soft boundary condition, both 3 and 5 pound loads were 

used.  The loads were achieved by hanging hand weights from the beam by rope.  An example of 

the simulated load can be seen in Figure 4.   
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Figure 4: 5 Pound Load, Soft-Soft Boundary Condition 

The strain data was converted from the Vishay Micromeasurement System 8000 to an Excel file 

for each gage with 0.01 second time intervals.  To find the strain for each load, all the strain 

values were plotted against time for each gage.  An example of one of these plots is shown in 

Figure 5. 

 
Figure 5: Strain vs. Time for Hard-Hard, 5 Pound Load 

Each load was left on the beam for approximately 20 seconds to allow the beam to settle and 

provide and accurate strain reading.  It can be seen in Figure 5 that the strain readings evened out 

after several seconds.  An average readings for each load was recorded when the strain varied 

less than five microstrain over several seconds.  Load 1 occurred at 5.25 inches, Load 2 at 7.75, 
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Load 3 at 10.25 inches and Load 4 at 12.75 inches all measured from the end of the boundary 

condition.  All values for each trial were recorded in Tables 1 to 4.  

 

Table 1: Recorded Strain per Each Load, Hard-Hard, 5 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 174 135 102 69.5 

 Gage 2 
(ue) 462 360 271 186 

 Gage 3 
(ue) 500 593 444 302 

Gage 4 
(ue) 387 621 624 425 

Gage 5 
(ue) 283 453 593 541 

Gage 6 
(ue) 182 291 379 476 

Gage 7 
(ue) 77.5 124 157 199 

  

Table 2: Recorded Strain per Each Load, Hard-Hard, 6 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 187 152 115.5 77 

 Gage 2 
(ue) 507 413 314 210 

 Gage 3 
(ue) 631 678 514 342 

Gage 4 
(ue) 489 711 726 483 

Gage 5 
(ue) 358 519 675 620 

Gage 6 
(ue) 231 334 430 545 

Gage 7 
(ue) 98.5 141 174.5 223 
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Table 3: Recorded Strain per Each Load, Soft-Soft, 3 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 156 128 98.5 75.5 

 Gage 2 
(ue) 310 254.5 193 145.5 

 Gage 3 
(ue) 372 389 295 220.5 

Gage 4 
(ue) 294 403 395 293 

Gage 5 
(ue) 223.5 304.5 401 364.5 

Gage 6 
(ue) 152.5 207 272.5 327.6 

Gage 7 
(ue) 82 109 142 171 

  

Table 4: Recorded Strain per Each Load, Soft-Soft, 5 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 307 255.6 199 151.5 

 Gage 2 
(ue) 568.5 472.7 365.6 274.1 

 Gage 3 
(ue) 687.5 700.5 538.8 401 

Gage 4 
(ue) 547.8 728.5 718.5 534.8 

Gage 5 
(ue) 417.7 554.8 716 659.5 

Gage 6 
(ue) 292.5 387.6 501.3 600.5 

Gage 7 
(ue) 160.5 212 275 328.5 

  

Results, Discussion and Analysis: 

For the force transducers used in this experiment, the force can be calculated by using Equation 1 

which includes the measured strains, material properties and distance between the gages: 

𝐹𝑇[ = −𝜀3 ∗
¬gGg
ÄgÅgX

+ 𝜀[ ∗
¬XGX
ÄXÅgX

+ 𝜀u ∗
¬®G®
Ä®Å®j

− 𝜀` ∗
¬jGj
ÄjÅ®j

				[2]																					(1)	

Where 

𝐹𝑇[ = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝐷𝑖𝑟𝑒𝑐𝑡𝑙𝑦	𝑡𝑜	𝐿𝑒𝑓𝑡	𝑜𝑓	𝐺𝑎𝑔𝑒	2	 # 	
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𝜀 = 𝑆𝑡𝑟𝑎𝑖𝑛	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑	(𝜇𝜀)	

𝐸 = 𝑀𝑜𝑑𝑢𝑙𝑢𝑠	𝑜𝑓	𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦	𝑜𝑓	𝑡ℎ𝑒	𝑆𝑒𝑐𝑡𝑖𝑜𝑛	(𝑝𝑠𝑖)	

𝐼 = 𝑀𝑜𝑚𝑒𝑛𝑡	𝑜𝑓	𝐼𝑛𝑒𝑟𝑡𝑖𝑎	𝑜𝑓	𝑡ℎ𝑒	𝑆𝑒𝑐𝑡𝑖𝑜𝑛	(𝑖𝑛`)	

𝑦 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑓𝑟𝑜𝑚	𝑁𝑒𝑢𝑡𝑟𝑎𝑙	𝐴𝑥𝑖𝑠	𝑜𝑓	𝑡ℎ𝑒	𝑆𝑒𝑐𝑡𝑖𝑜𝑛	 𝑖𝑛 	

𝑑 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑖𝑛𝑏𝑒𝑡𝑤𝑒𝑒𝑛	𝑔𝑎𝑔𝑒𝑠	 𝑖𝑛 	

Since the beam used was a prismatic, homogenous and constant gage spacing, the coefficients 

can be collected into a global calibration factor called 𝛽.  Equation 1 can be rewritten as:	

𝐹𝑇[ = 𝛽(−𝜀3 + 𝜀[ + 𝜀u − 𝜀`)												[2]																																				(2)	

The strain values were organized by location and load in Tables 5 and 6. 

Table 5: Strain per Force and Location, Hard-Hard Boundary Condition 

Force 
(lb) 

Point 
(in) 

Exp 
Strain 
1 (𝜇𝜀)	

Exp 
Strain 

2 
(𝜇𝜀)	

Exp 
Strain 

3 
(𝜇𝜀)	

Exp 
Strain 

4 
(𝜇𝜀)	

Exp 
Strain 

5 
(𝜇𝜀)	

Exp 
Strain 

6 
(𝜇𝜀)	

Exp 
Strain 

7 
(𝜇𝜀)	

5.0 5.25 174 462 500 387 283 182 77.5 
6.0 5.25 187 507 631 489 358 231 98.5 
5.0 7.75 135 360 593 621 453 291 124 
6.0 7.75 152 413 678 711 519 334 141 
5.0 10.25 102 271 444 624 593 379 157 
6.0 10.25 115.5 314 514 726 675 430 174.5 
5.0 12.75 69.5 186 302 425 541 476 199 
6.0 12.75 77 210 342 483 620 545 223 

 

Table 6: Strain per Force and Location, Soft-Soft Boundary Condition 

Force	
(lb)	

Point	
(in)	

Exp 
Strain 
1 (𝜇𝜀)	

Exp 
Strain 
2 (𝜇𝜀)	

Exp 
Strain 
3 (𝜇𝜀)	

Exp 
Strain 
4 (𝜇𝜀)	

Exp 
Strain 
5	(𝜇𝜀)	

Exp 
Strain 
6 (𝜇𝜀)	

Exp 
Strain 
7 (𝜇𝜀)	

3.0 5.25 156 310 372 294 223.5 152.5 82 
5.0 5.25 307 568.5 687.5 547.8 417.7 292.5 160.5 
3.0 7.75 128 254.5 389 403 304.5 207 109 
5.0 7.75 255.6 472.7 700.5 728.5 554.8 387.6 212 
3.0 10.25 98.5 193 295 395 401 272.5 142 
5.0 10.25 199 365.6 538.8 718.5 716 501.3 275 
3.0 12.75 75.5 145.5 220.5 293 364.5 327.5 171 
5.0 12.75 151.5 274.1 401 534.8 659.4 600.5 328.5 
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Equation 2 was used to calculate the experimental forces.  As the load moved from position to 

position, the active force transducers changed.  The transducer will give a full reading when the 

load is in the middle of all four strain gages.  A partial reading occurs when the force falls within 

only one of the strain gages of the transducer.  Zero readings occur when the load in not within 

the included strain gages.  The following color code will be used: 

 

Full 
Force 
Zero 

Partial 
Both systems were calibrated for the heavier known force.  For the Hard-Hard Boundary	

Condition, a 𝛽 of 0.013057 was found, and for the Soft-Soft Boundary Condition a	𝛽 of 

0.012564 was found.  These calibration factors were then used to calculate the lighter load.   

Table 7: Experimentally Calculated Forces for Hard-Hard Boundary Condition 

Force 
(lb) Point FT2 FT3 FT4 FT5 

5.0 5.25 5.24 1.85 -0.16 0.01 
6.0 5.25 6.03 3.33 -0.20 0.02 
5.0 7.75 2.57 5.24 2.48 -0.01 
6.0 7.75 2.98 5.97 2.85 0.01 
5.0 10.25 -0.14 2.66 5.14 2.49 
6.0 10.25 -0.18 3.28 5.97 2.67 
5.0 12.75 -0.08 0.00 2.45 5.13 
6.0 12.75 -0.10 -0.07 2.82 5.99 

 

Table 8: Experimentally Calculated Forces for Soft-Soft Boundary Condition 

Force 
(lb) Point FT2 FT3 FT4 FT5 

3.0 5.25 2.91 1.66 -0.09 0.00 
5.0 5.25 5.04 3.13 -0.18 0.02 
3.0 7.75 1.41 2.93 1.40 -0.01 
5.0 7.75 2.38 5.04 2.45 0.02 
3.0 10.25 -0.07 1.21 2.87 1.72 
5.0 10.25 -0.16 2.21 4.96 2.81 
3.0 12.75 -0.03 0.04 1.38 2.86 
5.0 12.75 -0.14 0.03 2.42 4.98 
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Two types of error were calculated from the calculated forces, the force error and the zero error.  

The force error is applied to the blue primary force values.  These values should be identical to 

the applied force.  The force error formula is shown below in Equation 3: 

𝐹𝑜𝑟𝑐𝑒	𝐸𝑟𝑟𝑜𝑟 = Âi\Ô'��'
Ô'��'

∗ 100																							[2]																			(3)	

Where 

𝐹𝑇 = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑	𝑉𝑎𝑙𝑢𝑒	 𝑙𝑏 	

𝐾𝑛𝑜𝑤𝑛 = 𝐾𝑛𝑜𝑤𝑛	𝐿𝑜𝑎𝑑	(𝑙𝑏)	

It is known that the zero positions should yield no load readings.  Therefore the zero error can be 

found using Equation 4: 

𝑍𝑒𝑟𝑜	𝐸𝑟𝑟𝑜𝑟 = 𝐹𝑇/𝐾𝑛𝑜𝑤𝑛 ∗ 100																[2]																									(4)	

Where 

𝐹𝑇 = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑	𝑉𝑎𝑙𝑢𝑒	 𝑙𝑏 	

𝐾𝑛𝑜𝑤𝑛 = 𝐾𝑛𝑜𝑤𝑛	𝐿𝑜𝑎𝑑	(𝑙𝑏)	

The partial readings were used to calculate the position of the load between the middle two 

gages.  The ratio of the partial to the full reading should result in the experimental position which 

was half way or 0.5.   

𝛼 = 𝐹𝑇µd �Od�/𝐹𝑇Â��� 																													[2]																									(6)	

𝛼 = 𝑅𝑎𝑡𝑖𝑜	𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝐵𝑒𝑡𝑤𝑒𝑒𝑛	𝑀𝑖𝑑𝑑𝑙𝑒	𝐺𝑎𝑔𝑒𝑠	

𝐹𝑇µd �Od�	𝑎𝑛𝑑	𝐹𝑇Â��� = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠	 # 	

 

Equations 3 and 4 were used to find the error of each Force Transducer and Zero values for both 

boundary conditions, shown below in Table 9 and 10.   

Table 9: Error and Relative Position for Hard-Hard 

Force 
(lb) 

Point 
(in) 

FT2 
(lb) 

FT3 
(lb) 

FT4 
(lb) 

FT5 
(lb) 

Force 
Error  

Zero 
Error 

Use 
partials 
to get 
Alpha 

5.0 5.25 5.24 1.85 -0.16 0.01 4.7% 3.1% 0.35 
6.0 5.25 6.03 3.33 -0.20 0.02 0.5% 3.3% 0.55 
5.0 7.75 2.57 5.24 2.48 -0.01 4.7% 0.3% 0.51 
6.0 7.75 2.98 5.97 2.85 0.01 0.5% 0.2% 0.50 
5.0 10.25 -0.14 2.66 5.14 2.49 2.9% 2.9% 0.52 
6.0 10.25 -0.18 3.28 5.97 2.67 0.5% 2.9% 0.45 
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5.0 12.75 -0.08 0.00 2.45 5.13 2.6% 1.7% 0.52 
6.0 12.75 -0.10 -0.07 2.82 5.99 0.1% 1.7% 0.53 

 

Table 10: Error and Relative Position for Soft-Soft 

Force 
(lb) 

Point 
(in) 

FT2 
(lb) 

FT3 
(lb) 

FT4 
(lb) 

FT5 
(lb) 

Force 
Error  

Zero 
Error 

Use 
partials 
to get 
Alpha 

3.0 5.25 2.91 1.66 -0.09 0.00 2.8% 2.9% 0.57 
5.0 5.25 5.04 3.13 -0.18 0.02 0.8% 3.6% 0.62 
3.0 7.75 1.41 2.93 1.40 -0.01 2.4% 0.2% 0.52 
5.0 7.75 2.38 5.04 2.45 0.02 0.9% 0.5% 0.53 
3.0 10.25 -0.07 1.21 2.87 1.72 4.3% 2.3% 0.58 
5.0 10.25 -0.16 2.21 4.96 2.81 0.9% 3.3% 0.55 
3.0 12.75 -0.03 0.04 1.38 2.86 4.5% 1.0% 0.52 
5.0 12.75 -0.14 0.03 2.42 4.98 0.3% 2.8% 0.51 

 

The theoretical moment was calculated for the Hard-Hard 6 pound load at 12.75 inhes.  The 

equation was found to be 𝑀 = 1.46𝑥	, 0 < 𝑥 < 12.75 and 𝑀 = −3.54𝑥 + 63.75	, 12.75 < 𝑥 <

18.  Then the moments were found theoretically by using the strain values and Equation 6: 

𝑀 = ¬G
Ä
∗ 𝜀																																						[2]																							(6)	

𝑀 = 𝑀𝑜𝑚𝑒𝑛𝑡	 𝑖𝑛# 	

𝐸 = 𝑌𝑜𝑢𝑛𝑔f𝑠	𝑀𝑜𝑑𝑢𝑙𝑢𝑠	 𝑝𝑠𝑖 	

𝐼 = 𝑀𝑜𝑚𝑒𝑛𝑡	𝑜𝑓	𝐼𝑛𝑒𝑟𝑡𝑖𝑎	 𝑖𝑛` 	

𝑦 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑡𝑜	𝑠𝑡𝑟𝑒𝑠𝑠	 𝑖𝑛 	

𝜀 = 𝑆𝑡𝑟𝑎𝑖𝑛		

Table 11: Experimental Moment Values 

Distance (in) 1.5 4 6.5 9 11.5 14 16.5 
Moment (in#) 1.81 4.85 7.88 11.08 14.11 12.41 5.19 
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Figure 6: Theoretical Moment vs. Experimentally Measure Moment 

The values were more accurate the farther away from the load they were.  Inaccuracy occurred 

near the load.  This error may arise from using rope which may actually cause a half inch 

distribution force.   

Conclusion: 

The objectives of the experiment to recreate and verify the force transducer were accomplished.   

The force transducers displayed max force errors of 4.5 and 4.7% and max zero errors of 3.3 and 

3.6% for each boundary condition.  The transducer can be applied to larger scale systems where 

it would be inconvenient or impossible to weigh the unknown loads.  In the lab, the process for 

understanding how this force transducer works was learned.  Analysis and simplifying of large 

amounts of raw data was also learned.  Solver was utilized to calibrate data and the calibration 

factor was used to calculate results with other data.     
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Comments: 
Overall this is a good report.  Some suggested improvements are: 

1. The word “gauge” is spelled as “gage” throughout the report.  That spelling is less 
common, but is in use for these devices. 

2. Figures 1 and 2 are grey instead of black.  Using Word’s picture corrections, these 
images can be darkened and given increased contrast to appear as shown below: 

 
3. There is a methodology inconsistency: The schematic shown in Figure 2 differs from the 

experimental apparatus shown in the photograph of Figure 3.  Figure 2 shows the ends of 
the beam as rigidly secured to supports.  The actual end of the beam are “unfixed,” not 
secured, but merely resting on the supports at either end (as also described in the text). 

4. Furthermore, Figure 2 does not give units for various quantities shown. 
5. Figure 5 has such closely spaced points that markers should not be used.  The response 

would be clearer with just a line, which is obscured by the markers.  There should be 
vertical grid lines since reading the times accurately may be important to the reader. 

6. Tables 7 and 8 have no callouts. 
7. The color coding of tables 7 to 10 has black lettering superimposed on dark blue, which 

will most likely not be readable when printed.  Rather than use white lettering, the shade 
of blue (or grey) should be much lighter.  Use of a light grey background stipple of 
various distinctive sorts is preferable to color when printing in monochrome is needed.  
The table showing the color coding should formally be a figure or a table.  (Functionally, 
it’s actually a “legend” that applies to all of the following tables.) 

8. The problems of Figure 5 recur in Figure 6.  The continuous line should not have markers 
since the points are so tightly spaced.  Vertical grid lines are needed since the points do 
not occur at the horizontal axis values shown.  The figure should not have a frame outline 
(Figure formatting should be consistent.).  The legend labels “series 1” and “series 2” are 
meaningless.  If a legend is to be used, the labels should be “calculated” and 
“experimental,” or something else that will help the reader discern which is which. 

9. The placement of reference numbers to the right of equations is confusing.  Perhaps 
citation in the text instead would be preferable. 

10. The phrase “max zero errors” should spell out “maximum” in formal writing. 
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Appendix K  The Business Context: It’s About Money 
 

Here's another perspective on doing good reports.  Ultimately you are supposed 
to be preparing to be an engineer in industry, or some comparable position. What kind 
of money do you expect to earn?  Let's say $50,000 a year.  After all, you need that to 
buy or rent someplace to live, pay for a car, utilities, food, some travel, and maybe even 
support a family sometime down the road.  But, in addition to that sum, your company 
has to pay their share of social security, retirement, medical benefits and such, so your 
salary actually costs them $65,000 typically.  They also have "overhead" expenses of the 
office you work in, your computer and equipment, the utilities, the secretary that works 
for your organization, the accounting department, lawyers, and so on.  A typical 
overhead rate is somewhere from 50% to 100% or more, depending on the nature of the 
business.  Let's say 75%, so it costs about $114,000 per year to employ you.  The 
company's client, who hires your company to do work for them, has to pay on top of that 
a fee, that is, the profit that goes to the shareholders that actually own the business.  
That varies too; let's say 10%.  So, it costs right about $125K to the client, per year, for 
the work you do.  At 52 weeks a year, less 3 weeks vacation, and a week of sick leave, the 
client pays for about 1920 hours per year at 40 hours per week.  That's about $65 per 
hour.  Your work will also need to be reviewed by someone more senior, your manager 
and perhaps a senior engineer, who also will be paid from the same contract.  They cost 
more than you do, so if their labor on this job comes in at just 10% of yours, and their 
cost is double.  That adds $13 per hour for a total cost to the client, for the work you do, 
of $78 per hour.  Now, ask yourself this:  "Am I going to be worth somebody paying $78 
per hour for my work as a starting out engineer?"  Or, "What do I need to be able to do 
to justify somebody paying $78 per hour for my time, and hopefully a lot more than that 
later?" 
 

You will have to be able to do more than just follow directions.  You have to be 
able to think about the overall job that's to be accomplished, and do your part as 
constructively as possible.  Your goal is that your value is seen as worthy of more pay 
than you are now getting.  You should not be going back and having to tell your boss that 
the reason your work was deficient, or your component failed, was that he didn't give 
you adequate direction.  That's blaming him for your failure.  If he has to spend a lot of 
his time more closely supervising you, say 20% instead of just 10%, and his pay is a lot 
more than yours, your time becomes much more expensive.  Maybe so expensive that 
it's not worth paying for.  So, always try to think as deeply as possible about what you 
are doing, and how it fits into the grand scheme of things. 
 

Here's an example from a typical introductory laboratory exercise.  Say you were 
measuring Voltage and Current waveforms for a resistor.  You ultimately plot a Voltage 
waveform with a peak value of 16 mV, and a current waveform with a peak value of 1.9 
Amperes.  The two are in phase, so the peaks occur together.  So, is that it?  Time to go 
on to the next part?  No!  Think about it.  If V=IR at any given instant, as it should be, 
since the resistor does not store energy, then you can use V and I to find R.  Dividing 
gives 8.4 mOhms!  Now, is that the actual resistance of the resistor you were using?  No!  
It was about 1.2 K Ohms!  So, something is wrong!  You don’t want to report without 
thinking about this, and correcting whatever is wrong.  Ignoring or continuing after 
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getting an obviously wrong answer like this conveys that either you don't think or you 
don't care.  Neither inspires confidence that your work is worth paying for at a rate of 
$78 per hour. 
 


