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Lost and Found: An Archetypal Analysis of 
the Hit Show

Katherine Harris

RESONATING WITH VIEWERS

When the first episode of the ABC drama Lost aired in September 
2004, creators Jeffrey Lieber, J.J. Abrams, and Damon Lindelof already 
had the major events for six seasons all planned out but were hold-
ing their breath to see how America received the characters and initial 
plotline for the program. Lost’s two-part pilot episode was the most 
expensive in the network’s history because it required the crew to pur-
chase a plane, destroy it, and do it all in Oahu—an especially expensive 
place to film. The premise for the show doesn’t seem especially unusual 
at the outset (a group of strangers crashes on an island), but it soon 
becomes clear that this is no ordinary island. Also setting it apart from 
many other American television dramas, Lost asks more questions 
than it answers and offers a unique blend of drama, science fiction, 
mystery, romance, adventure, and fantasy. Because there are so many 
complicated and strange plot lines, the number of viewers has dropped 
over the years, but the show still appeals to hard-core fans who are not 
frustrated by loose plot ends. 

Each episode focuses on one character and provides exposition 
through flashbacks, flashsideways, or flashforwards. The first device 
was used in Seasons 1-5 to show how the characters lived before the 
plane crashed, while flashsideways are being used in Season 6 (airing 
now) to demonstrate what life would have been like for the survivors 
if the plane hadn’t crashed over five years ago. The flashforwards were 
used in the fourth and fifth seasons to show what would happen to six 
selected survivors after they were rescued from the island. These scenes 
from life off the island allow viewers to associate themselves more with 
the characters in everyday circumstances. In flashbacks, they grapple 

This paper was written for Erik Wessler’s Myth & Archetype class 
in the spring of 2010. 



with issues (like failing to connect with a father) that viewers are more 
likely to experience than coming face-to-face with a killer polar bear. 
In addition, the time changes reveal that some of the survivors have 
met each other off the island before it all happened, prompting viewers 
to take a closer look at their own relationships.

The main way the writers keep the audience hooked is through mystery, 
although there is an occasional romantic coupling or showdown brawl. 
With the end of the series approaching in the next few months, a few 
answers to some long-standing questions have been revealed, but many 
have yet to be explained.

THE LOCATION OF THE QUEST

In the first season, the HERO Jack Shepard and his main ALLY Kate 
Austen leave the beach (where the body of the plane has landed) to 
find the dying pilot in the cockpit of the plane, which has landed in the 
middle of the jungle. Before the pilot is dragged off by the mysterious 
smoke monster, he reveals the fact that nobody will find them because 
they were 1000 miles from Fiji before they crashed. The jungle is the 
most dangerous part of the island—the survivors often hear whisper-
ing in the trees and fear going through it at night. In the Season 4 finale, 
the island physically moves when Ben Linus, the SHAPESHIFTER/
MENTOR, pushes a wheel to make the island become invisible so that 
the men trying to find and arrest Linus can’t get to him. But only a few 
episodes into the first season, the survivors realize they are not going 
to be rescued. They are lost, both in the middle of the Pacific Ocean 
and in their lives, for the time being.

THE OBJECT OF THE QUEST

All of the characters are searching for their true identities, which they 
have not managed to find in their ORDINARY WORLD. The point of 
coming to the island is to start over, though that’s not totally possible, 
as evidenced by the secret of Kate’s having murdered her father being 
revealed in the Season 1 episode, “Tabula Rasa.” Still, the island is a 
place where the survivors can craft new identities for themselves. In 
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the beginning, the main priority is trying to find food and just survive, 
but as the show progresses they try to find out whether and, if so, why 
they have been brought to the island by destiny.

CHARACTER OVERVIEW

Jack Shepard: HERO
Kate Austen: ALLY
John Locke: SHAPESHIFTER/MENTOR/SHADOW
Ben Linus: SHAPESHIFTER/MENTOR 
Hugo Reyes (Hurley): TRICKSTER

Lost begins by introducing us to the de facto leader and HERO of the 
series, Dr. Jack Shepard, the doctor/leader/perfectionist who struggles 
between making decisions based on faith or reason. In his ORDINARY 
WORLD he is a spinal surgeon faced with grueling surgeries under the 
supervision of his boss and alcoholic father, Dr. Christian Shepard. On 
the island, his OUTER PROBLEM is trying to keep everyone in the 
group alive and safe; his INNER PROBLEM is never being as sure of 
himself as he portrays himself to be.

The archetype of the son trying and failing to please his father plays  
directly into Jack’s character. In his ORDINARY WORLD, Jack has 
never seen eye-to-eye with his father. The reason Jack is on the plane 
(returning to Los Angeles from Sydney) when it crashes is that his  
father has died in Australia and he has to fly there to retrieve the corpse. 
On the island, the figure of his father visits survivors right before they 
are going to die because he never received a proper burial. Jack is espe-
cially haunted by the image of his dead father because he turned him in 
to the Board of Trustees at his hospital for being an alcoholic, causing 
him to lose his job as a top-ranking surgeon. 

When Jack is rescued from the island and returns home in Season 5, 
he becomes an alcoholic and pushes away his ALLY and fiancée (Kate). 
In Season 6, a flashsideways shows an alternate reality (depicting what 
would have happened if the plane hadn’t crashed going back to Los 
Angeles) where Jack fails to connect with his son, an accomplished 
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pianist who fears his father will always be disappointed in him. Jack’s 
cyclical life shows that no matter how much we might say we don’t 
want to be like our parents, we still end up acting like them.

In the opening scene of the first episode, “Pilot, Part 1,” Jack’s eye is 
the first image that is visible, inviting the audience to see the show 
through his eyes. Wearing a dark suit, he runs towards the destroyed 
plane dazed by sensory overload—the engine is still running, people 
are screaming, and the sun is too bright. This image is similar to the 
experience that newborn babies have coming out of the womb, when 
their hearing is hypersensitive and their vision is blurry. Jack and all 
the other survivors are RESURRECTED on the island after the crash. 
They survive a plane crash and are rewarded with a seemingly fresh 
start and a new world to explore. 

The show starts immediately with a CRISIS: people are injured and 
struggling to survive. Jack’s initial TEST is to save as many people as he 
can, and people listen to him because they respect his knowledge. As 
the HERO, he takes care of the critically injured people before going 
to a private area to tend to his own injuries. He pulls up his shirt and 
reveals a large gash on his back that he can’t quite reach. It is at this mo-
ment that his main ALLY and future love interest Kate comes out of the 
jungle and sees his wound. Kate represents a strong, positive feminine 
energy as well as a significant factor in Jack’s emotional decision-mak-
ing. Jack asks Kate to stitch him up, and while she does so, she makes 
herself a part of him physically. By the end of the pilot episode, Kate 
already sees herself as a part of Jack; they have already formed a bond 
that will persist for the rest of the show. When he says he is going to 
find the cockpit of the plane, she answers, “I’m going with you.” In the 
closing scene of the pilot, the survivors hear the smoke monster for the 
first time and realize they are in a place of supernatural intervention. 

The Season 1 episode that provides backstory on Kate is entitled “Ta-
bula Rasa.” The truth about Kate’s life in the ORDINARY WORLD is 
revealed through flashbacks: she is a convict on the run who was on 
the plane going back to Los Angeles with a sheriff who hunted her 
down in Australia. At the end of the episode, Kate tries to come clean 
about her life on the run at home, but Jack responds, “It doesn’t matter 
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Kate—who we were, what we did before the crash. Three days ago we 
all died. We should all be able to start over.” Images of the survivors 
looking after one another on the island are shown at the end of the epi-
sode, but John Locke, the MENTOR/SHAPESHIFTER/SHADOW, is 
shown sitting alone on the beach and glancing at everyone else. While 
it seems Kate has not in fact received a clean slate (tabula rasa) when 
she was reborn on the island, Locke was paralyzed before the crash and 
is now able to walk. His only injury is a superficial vertical cut down 
the right side of his face. In addition, a woman named Rose had termi-
nal cancer which she no longer feels the symptoms of. These characters 
have been given new strength by the island to transcend their earthly 
pains and illnesses.

In the first look at John Locke’s ORDINARY WORLD, an episode 
called “Deus Ex Machina,” Locke is setting up a game of Mouse Trap 
in a general store, an anecdote which ties in later as he tells Jack that he 
loves to play games. He is approached by a nervous woman who tells 
him he was placed in foster care because he was immaculately con-
ceived, but then this woman leads him to his father, Anthony Cooper, 
whom he has never met before. Anthony Cooper takes his son hunting 
for some father-son bonding, and eventually tells him he is dying while 
waiting for a kidney transplant. Locke agrees to give his birth father 
one of his kidneys, but when he wakes up in the ICU, his father is gone. 
When he tracks him down a few episodes later at his office, Cooper 
pushes Locke out an eighth-story window, paralyzing him from the 
waist down. When he is lying on the ground, Jacob, the MENTOR for 
the leaders of the island, touches him and then leaves. His name is an 
allusion to Jacob, the patriarch of the Jewish people who leads them on 
their exodus. Jacob makes contact with every main character on the 
island and indirectly guides them to Sydney so that the return plane to 
Los Angeles can crash and bring them to the island.

Locke is the namesake of the philosopher John Locke, best known for 
his postulation of tabula rasa, the notion that our minds are “blank 
slates” at birth and all knowledge is the result of individual experience. 
Locke is also a MENTOR to the survivors in the beginning of the show, 
as his hunting and tracking skills gained from the trips with his father 
come in handy when shooting wild boar for the group to eat.
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Locke passes many physical and mental TESTS on the island, but fails 
one crucial test in his ORDINARY WORLD. When Locke was five 
years old, a man named Richard Alpert, a leader of a rebel group on the 
island, visited him and said he ran a school for very special children. 
(This character’s name alludes to the contemporary spiritual leader and 
colleague of Timothy Leary also known as Baba Ram Dass.) Richard 
acted as a THRESHOLD GUARDIAN when he laid several items on a 
table and asked John which one belonged to him: a compass, a globe, a 
book of mysteries, a vial of granules, or a knife. When Locke picked the 
knife, Richard appeared angry and left without explanation. This test 
is like the one used to confirm a reincarnated tulku such as the Dalai 
Lama. At this point in his life, Locke is not ready to be chosen, but by 
the time he reaches Sydney, he is. 

Midway through the first season, the survivors find a sealed hatch 
in the ground and struggle to break it open. Locke is frustrated by 
the hatch, which represents a THRESHOLD GUARDIAN for him, 
and repeatedly cries, “This was supposed to work!” In a comic scene 
that serves to lighten Locke’s desperation, a fellow survivor has awful 
headaches and turns reluctantly for help to Jack, who determines that 
he needs glasses. Jack forges two pairs of glasses together and Hurley, 
the TRICKSTER who usually vocalizes the group’s unspoken worries, 
says, “Dude, it looks like someone steamrolled Harry Potter.” In a dra-
matic scene at the end of the episode, Locke pounds on the door of the 
hatch as it is pouring down rain and screams, “I’ve done everything 
you wanted me to do. So why did you do this? Why?” A light then 
comes on from inside the hatch.

In the Season 1 finale, “Exodus,” the survivors are escaping from The 
Others—a group of inhabitants who capture the survivors in the 
middle of the night, inoculate them, and then brainwash them. Kate, 
Jack, Locke, and Hurley go to the Black Rock, an old slave ship in the 
middle of the jungle, to get TNT so they can blow up the hatch. At the 
ship they face an ORDEAL—they need to get dynamite to blow up 
the hatch, but the TNT itself is highly unstable. Jack and Kate decide 
to SACRIFICE themselves and carry the packs of dynamite even af-
ter seeing Lester, a scientist who accompanies them on their journey, 
blown to smithereens while moving a crate of TNT. While walking 
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back to the hatch, the Smoke Monster (a violent cloud of smoke that 
makes clicking noises) drags Locke away and almost down into a hole. 
As Locke is being dragged off, he tells Jack not to help him, but Jack 
decides to save him against his wishes. 

Locke is a SHADOW to Jack—he is his nemesis as a leader. The two 
men are philosophical opposites and often quarrel with each other.  
Initially, most of the survivors trust Jack because he helped them in the 
beginning while Locke just watched over everyone, but Jack’s popular-
ity dwindles as the show progresses. 

Below is a transcription of the pivotal scene in “Exodus,” after Jack  
rescues Locke, when the different philosophies of the two men are 
made most obvious.

LOCKE: I believe that I was being tested. You’re a man of science. Me, 
well, I’m a man of faith. Do you really think all of this is an accident? 
Do you think we crashed on this place by coincidence? Each one of us 
was brought here for a reason.

JACK: Brought here? And who brought us here, John?

LOCKE: The island. This is no ordinary place. The island chose you 
too, Jack. It’s destiny.

JACK: I don’t believe in destiny.

LOCKE: Yes, you do. You just don’t know it yet.

After this tense discussion in the jungle, Jack, Kate, and Locke reach 
the hatch with the packs of TNT and successfully blow the lid off.  
Season 1 ends with a shot of Locke and Jack looking down the hatch.

Locke is murdered by a SHAPESHIFTER/MENTOR named Ben Linus 
in Season 5 once they have gotten off the island, but Richard Alpert, 
whom John meets again on the island, has already warned Locke that 
he must sacrifice himself for the island. Locke is RESURRECTED as the 
Smoke Monster on the island, but assumes his previous human form 
when conversing with people. In Season 6, this new SHAPESHIFTER 
Locke is a darker and more menacing figure than ever before.
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VOGLER STAGES

Christopher Vogler, in his book for screenplay writers, The Writer’s 
Journey: Mythic Structure for Writers, describes twelve stages in the 
hero’s journey, based on Joseph Campbell’s work on myths. 

 

Figure 1: Vogler Stages

Much of the time in each episode is devoted to uncovering the ORDI-
NARY WORLD of the main characters: Jack is a perfectionist spinal 
surgeon; Kate is a convict running from the law; Locke is a lonely, frus-
trated paraplegic; and Hurley is a mama’s boy who won the lottery. 

These characters are not aware of their first CALL TO ADVENTURE 
until Season 6 when Jacob, the MENTOR who appeared to them at 
seemingly random points in their lives, is murdered on the island. In 
the characters’ ORDINARY WORLDS, Jacob is just a stranger whom 
they encounter for a brief moment, such as near a vending machine in 
the hospital where Jack works. Jacob’s character brings up the recur-
ring issue of fate vs. free will—if he has been watching the characters 
for their whole lives and has chosen them to come live on the island, 
then he intervened in their lives so they would all end up on the plane 
to Sydney together, and thus they have had no control over anything 
in their whole life. 
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CROSSING THE THRESHOLD is evidenced in the Season 1 finale, 
where Jack and Locke break open the hatch and begin to discover  
information about the mysterious people they call The Others, who 
have captured and killed their fellow passengers. 

TESTS, ALLIES, and ENEMIES makes up the bulk of the show. 
The survivors are initially reluctant to trust the SHAPESHIFTER/ 
MENTOR Ben Linus—the leader of The Others. Ben pretends to be a 
man named Henry Gale (who crashed in a hot air balloon on the island) 
when the survivors first find him, but this is a false identity. Over the 
course of Seasons 2-4, Ben manipulates and controls the survivors, until 
he is ousted as the leader of his group and then must make amends with 
the survivors in order to ensure his own survival. Charles Widmore is a 
wealthy and determined ENEMY of Ben’s who repeatedly tries to find 
the island, although his motives are still unknown in Season 6.

Jack is TESTED in Season 3 when he is forced to perform a spinal surgery 
on Ben. Midway through the procedure, he makes an intentional error 
and SACRIFICES himself so that Kate can be released from the cham-
bers of The Others where she is being held. Jack’s main TESTS are usu-
ally internal. As the leader, he must decide which of the survivors to 
trust and how to justify decisions (based on logic or reason). 

Kate’s main TESTS are usually to convince people who have run away 
to come back and join the group because the unofficial motto of the 
show is “Live together, die alone.” 

Locke’s main TESTS are designed for him to figure out what the island 
intends for him to do. Ben brings his birth father who paralyzed him 
(Anthony Cooper) to the island and tells Locke to kill him. Locke pon-
ders his choices and then goes through with it, thus cutting the physi-
cal bond between himself and his father.
 
The TESTS that take place in the SPECIAL WORLD of the island are 
extraordinary and constant. When the survivors return to the mainland 
at the end of Season 4, the main TEST they face is keeping their previous 
whereabouts a secret in order to protect themselves from the destruc-
tive and persistent Charles Widmore. They are forced to change their 
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identities again, do not share any ELIXIR with the outside world, and 
must internalize their traumatic past few years on the island. When Jack 
and Kate come back from the island, they live together as a couple and 
then as fiancés before Jack becomes an alcoholic. His addiction is point-
less because liquor cannot quiet his INNER CONFLICT: he feels that 
he shouldn’t have left the island. His self-destructive behavior causes 
Kate to leave him and break off their engagement. Jack loses his main 
ALLY because he no longer feels as important as he was on the island. 

While Jack is in this depressed state, Ben acts as a MENTOR by telling 
him he needs to convince all the survivors it is their destiny to go back 
to the island. Jack issues a CALL TO ADVENTURE here and acts as a 
HERALD. They all REFUSE THE CALL and say Jack is crazy for want-
ing to go back, but are ultimately motivated to come back for different 
reasons, the most obvious being to rediscover purpose and meaning in 
their lives. By the sixth episode of Season 5, they are back where they 
never thought they would be again.

The APPROACH is demonstrated two times in Lost and both instanc-
es involve catastrophic forces that cause the sky to turn white tem-
porarily. In the APPROACH to the first ORDEAL in Season 2, the 
survivors are introduced to members of the DHARMA Initiative, a 
scientific organization that collects data on the island’s special electro-
magnetic forces. After blowing up the hatch, Locke and Jack learn from  
Desmond Hume, DHARMA’s liaison, that there is a button in the 
hatch that needs to be pressed every 108 minutes. Everyone who has 
been in charge of the hatch has been told to push the button and has 
done so without questioning its intention. Locke thinks he is being 
TESTED by the island and says the button doesn’t really do anything. 
At the end of Season 2, the entire island faces an ORDEAL when Locke 
refuses to push this button. Locke decides to let the countdown clock 
run down to zero to see if it is merely a psychological test, but then 
a huge magnetic force surges up behind a sealed door, destroys the 
station, causes a huge flash of white light, and nearly kills Locke. His 
search for meaning to quiet his own INNER PROBLEMS has caused 
an OUTER PROBLEM—the explosion causes a chain of events that 
cause the island’s forces to become unreliable. This is the ORDEAL of 
the survivors’ first few years on the island. 
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In the APPROACH to the second ORDEAL, Jack receives conflict-
ing advice. Throughout Season 5, the survivors are caught time-trav-
eling because the SHAPESHIFTER/MENTOR Ben Linus pushed a 
wheel that moved the island so he could hide from his enemy Charles  
Widmore. A physicist named Daniel Faraday tells Jack that he needs 
to detonate a hydrogen bomb on the island to stop the time-traveling, 
which has caused cranial bleeding and death for some of the survivors. 
Here Jack faces an INNER and OUTER PROBLEM. He knows that the 
bomb could kill them all, but he trusts the physicist’s expertise, so he 
goes along with what Faraday tells him to do. Kate, Jack’s main ALLY, 
initially doubts his decision, making him seem like a frustrated leader 
who agrees too quickly to use a resource that could kill them all. But 
eventually they all decide it is their only chance to regain some nor-
malcy to their lives on the island, so Jack detonates the nuclear bomb 
into the well where the wheel was pushed. Season 5 ends midway 
through this ORDEAL in a dramatic cliffhanger: the bomb didn’t deto-
nate successfully. Juliette, a minor character who is a SHAPESHIFTER 
and temporary love interest of Jack, is sucked down into the well and 
strikes the bomb with a rock eight times before it finally detonates and 
everything is consumed in white light. 

After the hydrogen bomb detonates at the end of Season 5, the survivors 
are RESURRECTED in a flashsideways, a technique used throughout 
Season 6 where an alternate reality is presented. Clips from their lives 
as if they had never been on the island, and instead completed the 
return trip from Sydney to Los Angeles, are presented over the course 
of Season 6.

Both ORDEALS occur in season finales and significantly shape the 
events of the seasons to come. The first ORDEAL shows the awesome 
power of nature, while the second ORDEAL shows the destructive  
power that mankind can unleash when we understand how nature works.

In Season 6, Jack receives another CALL: to be the protector of the 
island. Jack is guided to the lighthouse by the TRICKSTER Hurley, 
who has the gift of being able to communicate with the now dead 
MENTOR Jacob. In this special mirror, Jack sees that Jacob has been 
watching him for his whole life and that his last name is inscribed on 
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a wheel. He becomes angry about this and shatters the mirror behind 
the wheel before storming away, thus REFUSING this new call. Jack 
initially acted as a HERALD to get people to come back to the island, 
but now he regrets having ever come back.

Below is a transcript from a scene in the Season 6 episode “Lighthouse,” 
before Hurley and Jack reach the lighthouse.

HURLEY: This is cool, dude. Very old school. 

JACK: What? 

HURLEY: You know, you and me trekking through the jungle, on our 
way to do something that we don’t quite understand. Good times. You 
mind if I ask you something? 

JACK: Sure. 

HURLEY: Why’d you come back, you know, to the island? 

JACK: Why’d you come back? 

HURLEY: Back in L.A, Jacob hopped into the back of my cab, and told 
me I was supposed to, so I came. 

[Jack shakes his head and laughs dismissively.] 

HURLEY: What? If you have a good reason for coming back, let’s hear 
it man. 

JACK: I came back here because I was broken. And I was stupid enough 
to think this place could fix me. 

HURLEY: Dude, I’m sorry. 

PSYCHOLOGICAL ELEMENTS

The show’s recurring themes include a search for reconciliation,  
redemption, and identity. Dichotomies such as light/dark and yin/
yang are prevalent throughout all six seasons. The light/dark imagery 
is demonstrated through strategic lighting and wardrobe choices. The 
concept of yin/yang applies to the leadership styles of Jack and Locke, 
who are POLAR OPPOSITES in terms of their justification for lead-
ership and actions. This is most evident in Season 1 right before they 
are about to blow up the hatch. Still, they work together in the sense 
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that they assume shared responsibility for the safety of everyone on 
the island. 

Lost is a frustrating show for many viewers because of continuity prob-
lems—it jumps frequently between the past and present, and some-
times into the future and alternate realities. Still, it is this confusion 
and the many allusions to philosophy, religion, and science that keep 
viewers hooked. The plot may be complex, but the story is simple: the 
survivors of a plane crash from an ORDINARY WORLD (Los Angeles) 
are reborn in a SPECIAL WORLD (the island) and search for meaning 
in their new lives. 

Midway through the sixth and final season, it is unclear if the survivors 
will get off the island for good. Jack, the HERO and the character the 
audience sees the most of, has recently realized that he won’t find what 
he came back for, making their situation even more desperate.
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Imperfect Competition

Angela Chen

A natural monopoly is a monopoly with high fixed costs and low 
marginal costs. A barrier to entry occurs due to the natural monopoly’s 
high fixed costs. Like any other firm, a natural monopoly maximizes its 
profits by setting quantity at the point where its marginal costs curve 
intersects its marginal revenue curve. Since there are no competitors 
in the market for the good, the natural monopoly uses its market 
power to earn a large economic profit by setting its profit-maximizing 
price above what a perfectly competitive firm would charge and sells 
a quantity below a perfectly competitive firm’s level of output. Firms 
operating in a duopoly—a market where there are two firms selling 
identical products—are interdependent, meaning their profit depends 
on the actions of the other firm in the market. Such firms would first 
try to collude to set a price equal to the monopoly price, but then would 
have incentives to cheat and choose their dominant strategy to try to 
make a larger economic profit, resulting in overproduction and a price 
lower than the monopoly price. 

The article, “Florida Customer Sues Sirius XM Radio on Pricing,” by 
Grant McCool and Franklin Paul, illustrates the concepts of natural 
monopolies and duopolies as firms operating in a duopoly (Sirius and 
XM) merge to become a natural monopoly in order to gain power and 
set the monopoly price rather than the lower price that would result 
from competition in a duopoly. The merger proved to be beneficial 
to the company in reaching a monopoly outcome and earning a large 
economic profit.

The only two U.S. satellite radio companies, Sirius and XM Satellite 
Radio, originally operating in a duopoly, have recently merged into one 
natural monopoly with strong market power called Sirius XM Radio. 
Barriers to entry due to high fixed costs arise from launching a satellite 

This paper was written for Michael Brody’s Advanced Placement 
Economics class in the fall of 2009.



into space (and any other high costs associated with establishing a 
nationwide satellite radio service), thus allowing Sirius XM to deter 
entry by competing firms and to continue operating as a natural 
monopoly. In the article, the authors point out that monthly rates for 
satellite radio have increased by about 30 percent for some customers 
with multiple accounts. Before the merger, the two companies were 
operating in a duopoly. Even though they would try to collude in 
quantity produced to set the price of satellite radio at the natural 
monopoly price, ultimately, due to incentives to cheat, the resulting 
price was lower than a monopoly’s price. Now the company can set 
the higher monopoly price without needing to cheat due to its market 
power. Carl Blessing, a customer of the new Sirius XM Radio, is suing 
the company for anti-competitive pricing and abuse of its market power. 
While the new Sirius XM agreed with the government to keep its $13/
month core rate unchanged and practice their original duopoly pricing 
(setting price between the perfectly competitive price and monopoly 
price), the company has still increased fees ranging from additional 
fees for multiple subscriptions to additional royalty payments for 
musicians and companies for the use of their music. In all, McCool and 
Paul point out that Sirius XM is now a natural monopoly that is using 
its power to raise prices for its satellite radio users. Whether or not the 
court system decides to regulate Sirius XM’s anti-competitive natural 
monopoly practice will only be known in the future.

Figure 1 below shows the price and quantity of Sirius XM as a natural 
monopoly compared to the price and quantity it would set if it were 
still operating in a duopoly. It should be no surprise that the new price 
of Sirius XM is higher (about 30 percent) than the original duopoly 
price as there is no competition or incentive to cheat, either of which 
would drive the price down. As the only supplier of satellite radio, 
the company is a price maker and set its price on the demand curve 
to maximize its profits at quantity where its marginal revenue curve 
intersects its marginal cost curve. 
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Figure 1: Sirius XM’s price and quantity as natural monopoly compared 
to duopoly
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International Economics

Brig Badger

The analysis of international economics relies to a great degree on the 
question of exchange rates and how such rates constantly react and 
adapt to other market forces. An exchange rate is effectively the price 
of one currency expressed in terms of another. By understanding  
exchange rates, we can better appreciate the international economy 
and how the actions of one nation affect the actions of another. In the 
article, “South Africa Tourism Boost Adds to World Cup Enthusiasm,” 
Howard Lesser predicts that the 2010 FIFA World Cup will bring more 
people than ever to South Africa and in turn influence international 
exchange rates.

This year, for the first time, an African nation will host the 30-day 
World Cup tournament. The tourism minister of South Africa,  
Marthius Van Schalkwyk, is confident that his nation will be ready 
when fans begin to pour in from around the world. Kenneth Hieber, 
the director of a New York travel agency, explains why South Africa 
has become an increasingly popular destination in recent years. He 
attributes this to “the affordability of…South Africa that is making it a 
rising destination [compared] to other developing countries.” Hieber 
also points out that the majority of fans who will attend the World 
Cup will have come from the United States of America. This expected 
increase in the number of American tourists traveling to South Africa 
will in turn affect both the U.S. dollar and the South African rand. As 
Americans travel to South Africa, demand for the rand will undoubt-
edly rise as tourists must pay for their trip and various expenses. How-
ever, as the rand’s demand increases, the supply of the U.S. dollar will 
also have to rise, resulting in the rand’s appreciation and the dollar’s 
depreciation. Figure 1 below illustrates how the 2010 World Cup and 
the surge of tourism will affect the foreign-exchange markets in both 
the United States and South Africa.

This paper was written for Michael Brody’s Advanced Placement 
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Figure 1: The effect of the 2010 World Cup and tourism surge on foreign-exchange 
markets
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Holding Together the Multifaceted 
Republican Party: The Primary Reason 
Why Abraham Lincoln Was Able to Win 
the Presidential Election of 1860

Matt Fackler

“Third parties are like bees: once they have stung, they die.”1 While 
this accurately encapsulates the fate of most third parties in Ameri-
can history, it was certainly not the case for the Republican Party. The  
Republican Party proved more akin to a wasp, first “stinging” as a new 
third party in the 1856 election and then regrouping to capture the 
presidency in 1860. It has remained a major party ever since. First 
formed in 1854 in outraged response to the Kansas-Nebraska Act, the 
Republican Party was able to rise from obscurity to become the major 
political party in the North in a mere six years. 

But how were the young Republican Party and an unknown (until the 
1858 Lincoln-Douglas Debates) Abraham Lincoln able to defeat the 
powerful incumbent Democratic Party? Popular belief states that the 
sectional divide in the Democratic Party greatly weakened it and re-
duced the votes for any single Democratic candidate, allowing Lincoln 
to squeak through. Historians who support this opinion argue that 
the split in the Democratic Party not only divided its resources and 
votes but also reduced them as a whole. They claim that the split in the 
party had a detrimental psychological impact on the voters and, more  
importantly, on the Party’s supporters in the northern states who 
were indispensible to any “get out the vote” drive. Historian James L.  
Huston, for example, argues that Lincoln won New York State because 
of the Democratic Party’s split. He claims that traditionally Demo-
cratic supporters in the North stopped funding the Democratic Party,  
fearing that with two Democratic presidential candidates, south-
ern nominee John Breckinridge of Kentucky and northern nominee  
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Stephen A. Douglas of Illinois, neither would be able to gain a major-
ity of electoral votes and the election would be decided by the volatile 
House of Representatives.2  David Herbert Donald has concurred with 
this view, flatly stating that “The division in the Democracy virtually 
assured a Republican victory.”3  

However, given Lincoln’s clear majority in the Electoral College and the 
presence of unified anti-Lincoln fusion tickets in numerous northern 
states, including the key states of Pennsylvania and New York, Lincoln 
and the Republican Party should properly be awarded the majority of 
the credit for winning the election. While the split in the Democratic 
Party certainly improved Lincoln’s chances of election, it was his and 
the Republican Party’s actions that made victory possible in the first 
place. Historian William C. Harris stresses the importance of Lincoln’s 
behavior before the election. In the case of Pennsylvania, a state heav-
ily populated with former Know Nothings, Harris argues that Lincoln 
won the majority of the Know Nothings’ votes because he never open-
ly criticized their racist intolerance of immigrants. Douglas, on the 
other hand, had done so and was therefore seen as the less attractive 
candidate.4 Although Lincoln personally opposed the Know Nothing 
stance regarding foreigners, he and his party understood that to win a  
majority of the country’s electoral votes they would have to carry  
almost every state north and west of the Mason-Dixon Line, given 
the extreme unpopularity of Lincoln and the Republican Party in the 
South. Unpopular is in fact putting it mildly, since in ten southern states 
Lincoln did not receive a single vote.5 While the antebellum North may 
seem small in comparison to the boundaries of our nation today, it 
encompassed a very diverse population. The North contained both the 
rapidly industrializing New England states and the agricultural states 
of the Northwest Territory. It included large numbers of immigrants 
on the one hand and Nativists, such as the ex-Know Nothings, on the 
other. Lincoln was able to win the presidential election because of 
his party’s, and his own, ability to appeal to a large number and wide  
variety of such interest groups.
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Douglas’s Weakness

Although not the primary reason for Lincoln’s victory, the split in the 
Democratic Party did divide its voters and resources, weakening the 
campaign of Stephen A. Douglas, Lincoln’s only viable opponent in the 
North. Numerical reflections of the impact of this split can be found 
in the popular vote totals of California and Oregon. Lincoln won both 
states with a popular vote percentage of 32 percent and 36 percent re-
spectively. Douglas and Breckinridge, the two Democratic candidates, 
on the other hand, combined for a popular vote percentage of 59 per-
cent and 62 percent in those two states.6 The numbers clearly show that 
if the Democratic votes had gone to a single candidate, that candidate 
would have won both California and Oregon. While a shift to Douglas 
of the electoral votes in these two states would not have changed the 
final result, California and Oregon still serve as proof of the dilution of 
Democratic votes caused by the split in the party. A political cartoon 
printed during the months before the election also illustrates Douglas’s 
weakness. (See Appendix A.) In the cartoon, the Democratic Party is de-
picted as incapable of movement, appearing as an old-fashioned wagon 
stuck in the path of a powerful oncoming train driven by Lincoln. North-
ern Democrats, pulled by Douglas and urged on by New York’s Dem-
ocratic Tammany Hall organization (represented by the Indian chief  
Tamanend) tries to pull the wagon, labeled as the Democratic plat-
form, off the tracks in one direction while Breckinridge and his driver  
President James Buchanan try to haul it the other way. With both a 
northern and a southern candidate, the Democratic Party split its  
efforts in two. This division of resources and the impossibility of  
reconciling their views are reflected in this drawing as both sides strive 
mightily to pull the Democratic Party their way. The northern Demo-
cratic Party machine “driving” Douglas hopes to spur him to victory 
while President Buchanan hopes that Tammany Hall and the Demo-
cratic Party are destroyed rather than allow Douglas to take control. 
Not only has Douglas lost resources, but he now must compete against 
Breckinridge to gain any supporters, never mind campaign in order 
to broaden his overall appeal. This document suggests that, because 
of the split of the Democrats, Lincoln was able to splinter them, both 
metaphorically and literally, and win the election quite easily. 



Critics of this argument point to the fact that Lincoln won the election 
with a clear majority of electoral votes, and so even if a single candidate 
had received all the electoral votes that Lincoln did not, Lincoln still 
would have won. Proponents counter this by saying that the effects of 
the Democratic split cannot be seen purely in the vote totals, as the 
numerical results fail to convey the psychological impact that the split 
in the party had on the voters and its financial supporters. As already 
noted, William C. Harris believes that Lincoln won New York because 
the historically Democratic merchant class stopped funding the Dem-
ocratic campaign after it became evident that no single Democratic 
candidate would be able to win an outright majority in the Electoral 
College.7 An article printed in The New York Times before the elec-
tion also reveals the vulnerabilities of the fusion movement in New 
York. The article describes the complete lack of cooperation between 
the various anti-Republican groups, as the “adopted citizens refuse to 
vote for the ten American names on the Fusion Electoral ticket; the 
original Douglas men refuse to vote for the seven Breckinridge elec-
tors; while the followers of Breckinridge reciprocate the compliment 
by announcing that their political consciences will only allow them 
to cast their ballots for the seven men of their own faith.”8 As shown 
in the political cartoon, Douglas is impeded in his efforts to win by  
fellow Democrats who simply cannot come to any sort of compromise, 
stalling a potentially effective fusion movement in New York. Over-
all, Douglas’s campaign was severely weakened by the loss of voters,  
resources, organizational unity and confidence from traditionally 
Democratic supporters. 

Mobilization of Young Men by the Wide Awakes

While it is true that the split in the Democratic Party did reduce the 
likelihood of a Democratic victory, the chief reason for Lincoln’s  
success was his and his party’s ability to appeal to a sufficiently large 
number and variety of interest groups in the North to win virtually 
every electoral vote outside of the South and the border states. A  
variety of initiatives accounts for this success. First, the Republican 
Party aided Lincoln’s victory through the formation and support of 
the Wide Awakes, a quasi-military political marching club that suc-
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cessfully encouraged large numbers of young male northerners to vote 
for Lincoln. The presidential election of 1860 had the highest percent-
age voter turnout rate to that time.9 While this is certainly due for the 
most part to the strong opinions that Americans had regarding funda-
mental issues such as preservation of the Union and slavery, it is also  
numerical proof of the success of the “get out the vote” efforts of the 
Wide Awakes. Young men, who typically had not voted in past elec-
tions, were swept up in the energy and commotion generated by the 
parades and torchlight processions conducted by the Wide Awakes. An 
article in the New York Herald attested to this fact when it described the 
Wide Awakes as “the greatest feature of the campaign of 1860: semi-
military in character, political in purpose, and…unparalleled in the 
political annals of our country.”10 Nor was praise of the Wide Awakes 
limited to Republican newspapers. George Templeton Strong, a New 
York merchant who at the time was an undecided voter, gave a first-
hand account of the excitement created by the Wide Awakes when he 
stated in his diary, “I have never seen so beautiful a spectacle on any 
political turnout…Everyone speaks of the good order and the earnest 
aspects of the ‘Wide-Awakes,’…Certainly, all the vigor and enthusi-
asm of this campaign are thus far confined to the Republicans.”11 As 
Strong noted, the Wide Awakes were able to generate positive publicity 
for Lincoln by inspiring the crowds and utilizing the most powerful 
publicity tool, word of mouth. Also, both the Herald’s columnist and 
Strong express how exciting and disciplined the Wide Awakes were 
compared to their predecessors. The Republican Party did not wait idly 
for the Democrats to hand them the election but instead campaigned 
actively and imaginatively, introducing new and creative techniques 
in order to rouse the interest and gain the support of voters. Bruce  
Catton sums this idea up colorfully when he states, “The Republican 
campaign was enormously effective. It moved, it had hot life in it, it 
caught men up and pulled them along, and the Wide Awakes went 
down the sultry streets with torch light to lead them on…flaunting 
banners to proclaim the overriding honesty of the chosen man.”12

The role of the Wide Awakes, however, was not limited to inspiration. 
They were also charged with the task of rounding men up on Elec-
tion Day and “encouraging” them to vote for Lincoln. The high voter 
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turnout rate is evidence of the Wide Awakes’ success in this effort. 
On Election Day in New York, Republican Party boss Thurlow Weed 
commanded his workers to “Consider every man a ‘delinquent’ who 
doesn’t vote before 10 o’clock.”13 With this morning deadline, he left 
his organization plenty of time to ensure that anyone who had not yet 
voted had done so and, given the public nature of voting at that time, 
had voted for Lincoln. New York’s Wide Awakes carried out Weed’s 
instructions to a tee, securing through both inspiration and enforce-
ment enough votes for Lincoln to win the extremely important and 
traditionally Democratic state of New York. 

Lincoln: The Former Whig and Born Diplomat

It is also crucial to note that Lincoln won the important swing states of 
Pennsylvania and Indiana because he secured the votes of many who 
had supported former President Millard Fillmore, the Know Nothing 
candidate, in the 1856 election. That year Fillmore won 18 percent of 
the popular vote in Pennsylvania and 10 percent in Indiana. Both these 
states went by a slim margin to the Democratic candidate, James Bu-
chanan, and led to his election as the fifteenth President.14 In order for 
Lincoln to win these states, both critical for his victory, he would have 
to acquire a majority of the Know Nothing votes from the previous 
presidential election in order to surpass the Democratic popular vote 
total. Fortunately for Lincoln, the Know Nothing Party fractured be-
tween 1856 and 1860. While one contingent reorganized and formed 
the Constitutional Union Party, Lincoln and the Republicans were able 
to exert a much stronger pull on the ex-Know Nothings and reduced 
the Constitutional Union Party to an ineffective “stinging bee” in the 
election. Proof of this can be found in the popular vote totals for the 
Constitutional Union Party in Indiana and Pennsylvania, where it gar-
nered a paltry 4 percent and 2 percent respectively. Lincoln, on the 
other hand, won both states with popular vote totals roughly equal to 
the combined Republican and Know Nothing popular vote totals from 
the 1856 election.15

The most likely reason for this result is that ex-Know Nothings in both 
of these states realized that John Bell, the Constitutional Union can-
didate, simply had no chance of winning the national election. Of the 
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remaining choices, Lincoln was the best choice for ex-Know Nothings 
since he had never cast himself as an open opponent of their Nativ-
ist beliefs. Stephen A. Douglas, on the other hand, had done so. In a 
speech in Philadelphia in1854, for example, Douglas denounced the 
Know Nothings and criticized them for their racist attitude toward 
immigrants.16 More circumspect, Lincoln never publicly attacked the 
views of the Know Nothing Party on immigration. 

Lincoln was also a more attractive option for the ex-Know Nothings 
because he was an ex-Whig, just as many Know Nothings were. This 
meant that his record of supporting government funding for internal 
improvements and other Whig policies, such as higher tariffs, counted 
in his favor among ex-Know Nothings who shared many of the same 
beliefs. More importantly, Lincoln was able to use his position as a for-
mer Whig to garner the public support of prominent ex-Know Noth-
ings who were themselves ex-Whigs. Their endorsements were vital in 
making the argument to those who had voted for the Know Nothings 
in 1856 that Lincoln’s views were more closely in accord with their own 
than those of the other candidates. Lincoln, for instance, was able to 
gain the endorsement of Edward Bates, a former Whig who had become 
a Know Nothing. Bates’s open letter complimented Lincoln and posi-
tioned him as a conservative and non-sectional politician. He praised 
Lincoln as “a sound, safe, national, man. He could not be sectional if he 
tried.” Bates continued on in his letter to say that Lincoln had “earned 
a high reputation for truth, courage, candor, morals, and abilities so 
that as a man he is most trustworthy. And in this particular, he is more 
entitled to our esteem than some other man.”17 This glowing description 
of Lincoln from an ex-Know Nothing, along with Lincoln’s own politi-
cal record, gave him credibility with the ex-Know Nothings and made 
him a safe and attractive candidate to them. These factors secured the 
majority of 1856 Know Nothing votes for Lincoln, giving him victories 
in the important swing states of Pennsylvania and Indiana. 

Republican Platform Beyond “Free Soil”

Third, and most importantly, the Republican Party was able to extend 
its platform beyond the issue of slavery and appeal to a diverse group 
of northerners with more pressing and geographically proximate  
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problems. While the election of 1860 is often seen as narrowly focused 
on slavery, the truth is more complicated. For a northern voter in 1860, 
the threat of the expansion of slavery was years and miles away, but 
state and local issues were part of the voter’s everyday life. Slavery was 
only one concern among many. The Republican Party had to appeal to 
these voters on other issues in order to gain their votes. 

One group of people the Republican Party actively and successful-
ly courted was the foreign-born. In 1860, roughly 15 percent of the  
United States population had not been born in the United States. Of 
that 15 percent, over 70 percent of the immigrants were either Irish or 
German.18 Due to the Nativist leanings of both the Whigs and Know 
Nothings, Irish and German voters had tended to vote Democratic. 
Republicans understood that to increase their chances of success in the 
1860 election they would need to win more votes from the foreign-born. 
To accomplish this, the Republican Party actively worked to distance 
themselves from the sort of Nativist views that immigrants commonly 
associated with anyone other than the Democrats. The Republicans 
achieved this by including two planks in their platform directly sup-
porting two central political goals desired by many immigrants. One 
of these, the 13th plank, pledged support for the Homestead Act, a 
law that would benefit immigrants as it would make the purchase of 
land in the Northwest cheaper and simpler. Another, the 14th plank, 
pledged unequivocal opposition to any change in naturalization laws 
or discrimination against the foreign-born in regard to legal rights 
and protections.19 By including these two statements in their platform, 
the Republicans assured immigrants that their political concerns were  
important to them. 

Republicans also actively sought to portray Lincoln in a way that 
would appeal to immigrant voters, especially farmers. The major-
ity of immigrants arrived with little money, started at the bottom of 
the working class, and performed labor-intensive tasks. To attempt to  
appeal to these voters, the Republican Party reminded the populace of 
Lincoln’s own background as a laborer and his humble beginnings. A 
campaign poster printed during the months before the election depicts 
the “laborer” Lincoln. (See Appendix B.) The picture shows a muscular 
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Lincoln, axe in hand, splitting fence rails in Illinois. His face expresses 
seriousness and determination. His rolled-up sleeves and unbuttoned 
shirt convey the strenuousness of his task and the diligence of his ef-
fort. Lincoln’s attire is plain and homespun. He wears a simple white 
shirt and worn brown slacks that are not quite long enough. This de-
piction was clearly intended to show that Lincoln was not a wealthy 
career politician but a man who had earned his success through his 
own hard work and determination. The poster itself has no text, not 
even Lincoln’s name, allowing Lincoln’s strong figure to “speak” for it-
self. To those in its intended audience who could not read English, 
its force would not be weakened through the intrusion of unfamiliar 
words. For immigrants starting anew in America, Lincoln was the per-
fect example of the “American Dream.” He was the embodiment of the 
immigrants’ belief that through honest and diligent labor they could 
improve their quality of life. 

These efforts of the Republican Party appear to have been successful 
in acquiring the support and votes of many immigrants, particularly 
Germans. Their influence can be seen in the written words of German 
newspaper editors and political leaders. As for the Irish, the Republican 
Party’s success in gaining votes was minimal. In part this was due to the 
greater concentration of Irish immigrants in more urban areas, where 
they were more dependent on Democratic machines for financial aid, 
more exposed to demeaning racist views and less swayed by the image 
of Lincoln presented by the Republicans. Also, the 13th plank of the 
Republicans’ platform, pledging support for the Homestead Act, held 
less appeal for the Irish as they tended to remain on the East Coast and 
pursue non-agricultural jobs, and so had little need for cheap land out 
west. From the Republican Party’s standpoint, however, the acquisition 
of German support was extremely beneficial. For every year beginning 
in 1854, Germans had been the single largest immigrant group enter-
ing America.20 Winning the support of newspaper editors and writers 
as well as public figures of German heritage was particularly important 
due to the language barrier that existed between recent German im-
migrants and the prominent English-language political newspapers of 
the time. This language barrier forced many of these immigrants to 
rely heavily on their local foreign-language newspaper for information 
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about candidates. Through the adoption of the two pro-immigrant 
planks, the Republican Party was able to gain the support of many of 
these leaders. One of the most prominent of these was Wisconsin poli-
tician Carl Schurz. German by birth, Schurz campaigned actively for 
Lincoln, going on speaking tours throughout the Northwest where he 
was able to communicate directly to his fellow immigrants in their na-
tive tongue. In the run-up to the Republican Convention, Schurz gave 
a speech in Springfield criticizing Douglas and the Democratic Party 
for the racist basis of their pro-slavery ideology. He mocked them by 
sarcastically commenting on Douglas’s belief that the framers did not 
actually mean all men but instead “meant but the white race. Oh, no, by 
no means the whole white race; not the Germans, not the French, not 
the Scandinavians; they meant but British subjects.”21 Not only did this 
speech remind its listeners of the bigotry underlying the Democratic 
Party’s ideology, but it also warned immigrants of the threat posed by 
a party that believed it was acceptable to limit one’s legal rights on the 
basis of race. 

The efforts of Carl Schurz and other German Republicans bore con-
siderable fruit. In June of 1859, the New Ulm Pioneer in Minnesota 
listed seventy-three German newspapers that supported the Republi-
can Party.22 The effect of this support is suggested by the fact that in the 
presidential election Lincoln won every state with a high percentage 
of German citizens by a substantial popular vote margin.23 While this 
does not amount to direct proof of the Republican Party’s success at 
gaining immigrant votes, it is nevertheless worth noting that while the 
national popular vote increased by roughly 630,000 votes, the number 
of votes for a non-Republican candidate only increased by approxi-
mately 100,000.24 Whether these supporters were young men or re-
cently arrived German immigrants, the initiatives of the Republicans 
proved quite effective at winning the votes of first-time voters.

The Republican Party also increased its popularity in the North by its 
support of internal improvements and a higher tariff. While the Amer-
ican economy as a whole was still predominantly agricultural, industry 
was gaining increased importance in some states, such as Pennsylva-
nia and New Jersey.25 To appeal to voters connected to industry, the  
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Republican platform included a plank calling for measures intended to 
protect established industries and promote new ones. This plank was 
the 12th, which endorsed higher tariffs for the fledgling New England 
textile industry in order to protect it from cheaper foreign goods pro-
duced by well-established European manufacturers. The plank went 
on to promise that the Republican Party would use the revenue gener-
ated from these tariffs to improve the nation’s infrastructure, providing 
cheaper and faster transportation for raw materials and manufactured 
goods.26 The 12th plank, specifically its pledge to raise protective tariffs, 
gained particular support for the Republican Party in Pennsylvania. 
The day after Lincoln’s nomination, The New York Times described 
his surprise nomination as “the work of the Pennsylvania delegates.” 
Representatives from Pennsylvania saw Lincoln as the most favor-
able candidate; but why? The columnist goes on to say, “The leader 
in the North American [a Philadelphia newspaper] speaks very highly 
of the candidates, alluding particularly to the devotion of Lincoln…
on the question of the protective tariff, of which he has been for years 
a consistent advocate.”27 This unnamed editorialist’s appreciation of  
Lincoln’s support of a protective tariff provides us with an answer. The 
man does not justify his support for Lincoln with a statement about 
slavery or the South, but rather with a statement regarding the proxi-
mate financial needs of his state. For many men, economic issues held 
much more importance than slavery. Indeed, in the words of historian 
Doris Kearns Goodwin, “had the election been fought on the single 
issue of slavery, it is likely that Lincoln would have lost.”28

Lincoln’s Legacy

To win the election of 1860, Lincoln had to win essentially the entire 
North, a large geographic area populated with a plethora of interest 
groups with varying desires and agendas. To secure the votes of enough 
of these diverse groups to forge a majority coalition, Lincoln and the 
Republican Party had to actively campaign and present themselves as 
worthy recipients of these votes, not simply depend on the Democratic 
Party’s own self-destructive course. The election of Lincoln is proof of 
his and his party’s success in this endeavor. It is simplistic to say, how-
ever, that Lincoln actively changed his views in order to have broad  
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appeal and acquire the most votes possible. Instead, it is more accurate 
to state that Lincoln was the right man for his time. He possessed a fairly 
subdued personal nature and his backcountry roots and “self-made” life 
were seen as positive attributes by most. To many immigrants, especially 
Germans, and to many young men, he was a perfect example of the op-
portunities for self-improvement that America presented. To the Know 
Nothings, he was a “homegrown” Protestant with good solid morals, 
worthy of the nickname “Honest Abe.” Through the exploitation of these 
characteristics of Lincoln’s life, he and the Republican Party were able to 
present a candidate with broad appeal. Whether or not these portrayals 
were entirely accurate, the success of Lincoln is undeniable. 

The polarizing impact of the Civil War that followed the 1860 election, 
and Lincoln’s own martyrdom at the hands of John Wilkes Booth at 
the end of the war, had the effect of causing the dominant voting bloc 
forged in 1860 to retain its vitality for decades. Often called the Third 
Party System, the period from 1860 to the turn of the century is, at its 
base, a testament to the achievement of Lincoln as a partisan politician. 
The Republican Party dominated the presidential elections during that 
period. The only years in which a Democratic candidate came out vic-
torious were 1884 and 1892, and both times it was Grover Cleveland, 
an honest, reform-minded Democrat whose success was due less to 
any sudden revitalization of the Democratic Party than to his personal 
qualities compared to those of his Republican opponent in 1884 or the 
rise of the Populist Party in 1892.29 For most of that time the Repub-
licans enjoyed a majority in both the House and Senate. While one 
can argue that for a period of time, especially during Reconstruction, 
the nation was split and so the Republicans faced no serious compet-
ing party, the failure of another viable party to emerge in the North is 
proof of the Republican Party’s lasting popularity. 

While the fortunes of the Republican Party would ebb and flow during 
the twentieth century, Lincoln’s personal legacy has endured. Political 
parties change and their constituencies shift, yet the popular view of 
Lincoln himself has risen above parties and politics. Public opinion 
polls in recent years have consistently indicated that more Americans 
consider Abraham Lincoln our “greatest President” than any other. In 
a 2009 survey of 65 prominent historians, Lincoln ranked first based 
on an assessment of ten qualities of presidential leadership. As Howard 
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University’s Edna Medford summarized the results, “Lincoln continues 
to rank at the top in all categories because he is perceived to embody 
the nation’s avowed core values: integrity, moderation, persistence in 
the pursuit of honorable goals, respect for human rights [and] com-
passion.”30 While the political coalition-building skills of Abraham  
Lincoln and the Republican Party were the most important factor that 
led to the Party’s victory in the 1860 election, it was Lincoln’s abilities 
as a principled statesman dedicated to preserving the Union and later 
to the elimination of slavery, abilities sorely tested through the years 
of Civil War, that produced the election’s most enduring consequence: 
the leadership of Abraham Lincoln as an example to be emulated by 
future American presidents and citizens alike.
 
Appendix A

Source: Currier and Ives’s “Progressive Democracy – Prospect of a Smash Up”, 
cartoon in the Library of Congress, Prints and Photographs Online Catalog, 1860. 

Native American on left says:
“Now then little Dug! Put in 
and pull, while I cry ‘Tammany 
to the rescue,’ for I hear a rushing 
sound that bodes us no good.”

Man on right says:
“Come Jack and Joe, pull up! And don’t 
let the other team stir the wagon. I’d rather 
the Machine would be smashed than have 
them run away with it.”
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Appendix B

Source: “The Rail-Splitter”, campaign poster in the Chicago Historical Society 
Archives, 1860.
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Appendix C

 

Source: Presidential Election Electoral College results provided by the 
United States Department of the Interior, 1969. 
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Bridget Bishop: Convicted by Societal Norms

Alex Mei

In the Salem witch trials of the 1690s, dozens of women were tried 
and convicted for witchcraft, a practice involving the supernatural and 
associated with the devil. Bridget Bishop was the first to be convicted, 
accused by more people than any other defendant. She was arrested on 
April 18, 1692, and nearly two months later was hanged for practicing 
witchcraft. During Bishop’s trial, the jury and the witnesses made 
many mistakes concerning her identity. The jury failed to recognize 
the difference between the witnesses’ testimonies about Bishop’s ghost 
and the actual Bishop herself. The witnesses also confused Bridget 
Bishop’s identity with that of another witchcraft defendant, Sarah 
Bishop. Proximately, these mistakes led to the jury’s conclusion that 
Bishop was, in fact, a witch. However, ultimately, Bishop was convicted 
because of the defined role women had to play in Salem’s Puritan 
society. All women had to take care of the household and family under 
the men’s complete authority, without any resistance. They had to be 
patient and submissive towards men in order to be socially accepted. 
Bishop, on the other hand, did not fit this accepted model for women. 
She, both literally and figuratively, displayed her independence as a 
woman. She often fought with her first husband, Thomas Oliver, 
literally defying a male figure and thus challenging both the rules of 
Puritan society and the laws of Salem County. Figuratively, Bishop 
also displayed her threatening female power. Prior to her trial, Bishop’s 
husband died, leaving her and her daughter in charge of his land and 
with a considerable amount of money. Her remarriage after Oliver’s 
death to Edward Bishop eight years later was not what widows 
usually did in the seventeenth century and did not reflect well on her 
reputation. As a result of Oliver’s death and her remarriage, Bishop 
was now a propertied, fairly wealthy, remarried widow and had thus 
gained a powerful position in Salem society, making her different 
from the usual, and ideal, powerless Puritan woman. Moreover, the 



identity the witnesses mistakenly associated Bishop with during her 
trial severely impacted her chances of proving her innocence. The 
witnesses portrayed Bishop as vulgar and uncivilized, pitting her even 
more sharply against the model of the ideal Puritan woman. Bridget 
Bishop’s trial was not just a witch trial; it was a trial in which the court, 
and the community, saw the definition of a Puritan woman tested. 
And, as Bishop was ultimately convicted, the court did not want to see 
its own society tampered with.

Historians have long argued over why Bridget Bishop was convicted. 
In Witchcraft at Salem, Chadwick Hansen argued that the Salem 
community truly believed that Bishop was a practicing witch and 
that witchcraft was a reality; they consequently convicted her simply 
because of her supposed practices.1 However, Paul Boyer and Stephen 
Nissenbaum, in Salem Possessed, believed Bishop was convicted 
because she was considered an outcast of the Salem society. In fact, 
these two historians made the same mistake the witnesses of the trial 
made in confusing Bridget Bishop and Sarah Bishop’s identities.2 
Bernard Rosenthal, with the help of David Greene, corrected this 
mistake in Salem Story, concluding that Bishop was convicted because 
of her wealth after her first husband died.3

Major Mistakes

In Bridget Bishop’s trial, both the jury and the witnesses made several 
mistakes, which confused her identity and led, proximately, to her 
conviction. For example, the court confused the distinction between 
Bishop herself and her ghost. Witnesses such as William Stacy and 
Susannah Sheldon only refer to Bishop’s “shape” or “apparition” in their 
testimonies and never to her herself.4 As Thomas Brattle explains in 
his letter, this ghost does not necessarily represent Bishop herself and 
there was no proof that it did represent her except for these witnesses’ 
said experiences.5 Thus, as there was no evidence supporting their 
testimonies, which didn’t even necessarily concern the defendant, these 
testimonies should not have been relevant to the trial. Yet, the court 
accepted their testimonies and used them as evidence for conviction. 
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Secondly, the court also failed to differentiate between the identities 
of Bridget Bishop and Sarah Bishop. Witness Reverend John Hale 
claims that Bishop lived on the outskirts of Salem Village, where her 
house served as a tavern, or a bar, for the local men to come to late 
at night.6 Historians including David Greene and Bernard Rosenthal 
have concluded that this description does not represent Bridget Bishop 
because she did not actually live near Salem Village.7 Instead, she lived 
near the center of the Salem town, which was at least two miles away 
from the Village. (See Appendix A.) Also, during her trial in Salem 
Village, Bishop stated that she did not know any of the local people and 
that she had never been to Salem Village before.8 Thus, this woman 
who owned the rowdy, undisciplined house in Salem Village could not 
have been Bridget Bishop. Further in Hale’s testimony, he reveals who 
this woman actually is. He associates this woman with her husband, 
Edward Bishop; therefore, this woman had to be Sarah Bishop, another 
witchcraft defendant, because she was the only other woman in Salem, 
besides Bridget Bishop, who coincidentally married a man with the 
same name.9 The similarities in these two defendants’ (and their 
husbands’) names made it easy for the court to confuse their identities. 
These mistakes concerning Bishop’s identity did lead to her conviction, 
as they proved that she often haunted the Salem residents and caused 
trouble in the town through her tavern-keeping. However, the reasons 
behind Bridget Bishop’s conviction lie deeper than these mistakes. She 
was ultimately convicted because of the reasons the court’s mistakes 
could be used as evidence: why they were believed and then drawn on 
to prove her guilt.

Her Backlash

Bridget Bishop, the actual woman, often challenged Salem’s established 
Puritan gender roles, separating herself from the model of the ideal, 
silent Puritan woman. Bishop, then Bridget Oliver, had been fined and 
punished at least twice before her 1692 trial for fighting and swearing 
against her first husband, Thomas Oliver.10 Whether these instances 
were examples of domestic abuse and, therefore, of Bishop’s self-defense 
or not, Bishop was still stepping out of her place in society as a woman. 
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Firstly, as is stated in the Salem Covenant, which expresses the grounds 
for Puritan devotion to God, all Puritans were obliged to avoid “back-
bitings, censurings, and provokings.”11 Therefore, by simply fighting 
with someone, Bishop was already testing the laws of the Puritan 
society. Furthermore, Puritans believed that a woman’s primary role 
in her community was to care for the household and to not “meddle in 
such things as are proper for men, whose minds are stronger.”12 Once a 
woman was married, she became a “covert,” meaning she was “clouded 
and overshadowed” and her husband had complete power over her.13 
Women were not meant to be sources of judgment or opposition for 
men. They could only agree with men’s decisions and conceal their own 
opinions. Thus, for Bishop to publicly oppose a male figure was to defy 
the foundation of the Puritan beliefs about the female role. Her deviant 
behavior in these instances before her witch trial demonstrated to the 
court that Bishop was not the typical Puritan woman, which put her 
under suspicion the moment she walked in to her trial. 

Furthermore, in Puritan belief, one of the obligations of the elder 
generation was to teach the younger generations the workings of 
society. For example, Anne Hutchinson was charged in 1637 for 
subverting Massachusetts’s Puritan society. During her trial in Newton, 
Massachusetts, Hutchinson tried to use the belief that elder women 
needed to educate the young in order to defend her own teachings 
about defying the Puritan religion. But Governor John Winthrop, 
who was leading Hutchinson’s trial, retorted that “elder women must 
instruct the younger about their business and to love their husbands 
and not to make them to clash.”14 By challenging the Puritans’ belief in 
gender roles, Hutchinson was setting a bad example for the younger 
generation, and thus she wasn’t following her Puritan obligation as an 
older woman. The court eventually declared Hutchinson guilty and 
imprisoned her.15 Like Hutchinson, Bridget Bishop was challenging 
the established gender roles of Puritan society. Instead of providing 
the younger generation with an example of a loving, submissive wife, 
Bishop fought with her husband publicly, in front of a variety of people, 
young and old. So, as demonstrated by Anne Hutchinson’s trial, the 
Massachusetts courts did not accept this kind of defiant behavior from 
a woman. They were afraid that it would pass on to future generations 
and thus ruin the sexist societal structure the Puritans fought so hard 
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to maintain. And Bishop was a prime source of this kind of behavior. 
Her battles with her first husband, Thomas Oliver, demonstrated to 
the court her defiant behavior against men, which was threatening to 
Salem’s Puritan society. This ultimately led to her conviction, as the 
courts saw in Bishop a threat, a danger to their rooted society, and were 
thus more willing to put her in jail, witchcraft or not.

Who She Represented

In addition to her rebellious behavior, Bridget Bishop’s position in 
society was not the usual Puritan woman’s. Because of Thomas Oliver’s 
death in 1679, the court allotted the widowed Bishop a majority of 
Oliver’s land and money. She was given £37 and was allowed to sell a 
ten-acre piece of land to pay off Oliver’s debts and to support herself 
and her and Oliver’s daughter, Christian. Although Oliver had two sons 
from his first marriage and each of them received £20, his will went 
primarily to Bishop.16  This was not customary in New England society, 
as usually the male heirs received the majority of the inheritance.17 

By simply inheriting more money than her stepsons, Bishop had 
already threatened not only her stepsons, but also other possible male 
inheritors of the town. If a woman such as Bishop could take from 
a male’s inheritance, let alone two males’, what would happen to the 
rest of the sons of the community? Would they also have to settle for 
less inheritance than a woman? Bishop, through no fault of her own, 
jeopardized these men’s potential for a beneficial inheritance. Her new 
economic status was threatening to the male society, including the men 
leading her trial, which helped to pave the way towards her conviction.

Moreover, Bishop, now propertied and able to economically provide 
for herself, stood apart from the usual dependent, Puritan woman. 
With her new economic independence, Bishop gained power, which 
was threatening to the men of the community, as it was very unusual to 
have a woman own land in seventeenth-century New England. Statistics 
of the witch trials illustrate that women like Bishop, who benefitted 
from their husband’s will (especially when there were living male 
heirs), were particularly vulnerable to witchcraft accusations.18 These 
women were the few examples of women who independently owned 
land in the seventeenth century, and thus threatened the men’s power 
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and authority. These men resided in the jury and in the government, 
which ultimately decided Bishop’s fate in her trial. The fact that Bishop, 
a woman, owned property and thus had some influence over these 
men made them more inclined to convict her, and consequently strip 
her of her power. 

Bishop’s remarriage eight years after Thomas Oliver died also changed 
how society viewed her, ultimately leading to her conviction. In the 
seventeenth century, a widow’s remarriage was not highly supported 
by society. A remarried widow was often portrayed in plays as a 
comical character, one not to sympathize with, but to ridicule.19 Society  
generally disapproved of these women because of men’s overwhelming 
fear that when they died, their wives could easily replace them with 
another man.20 Bridget Bishop falls directly into this category of women. 
Her remarriage brought to men in the court this idea of replacement: 
that a widow has the power to overshadow her late husband by 
marrying a new man. Therefore, in addition to her property-holding 
status, Bridget Bishop’s remarriage increased her power over the men 
in the Salem community, thus further detaching herself from the ideal 
Puritan woman.

Their False Identification

The image the witnesses mistakenly portrayed of Bridget Bishop  
further reinforced her separation from the society’s ideal Puritan 
woman, which made her exoneration practically impossible. As stated 
before, the identity the witnesses gave to Bishop was actually that of 
Sarah Bishop, as it was Sarah Bishop who lived on the outskirts of  
Salem Village and not Bridget Bishop.21 The testimonies falsely 
described two things about Bishop: her clothing and her home. 
According to witnesses such as William Stacy and Richard Coman, 
Bishop often wore a red coat and a black colored hat and cape.22 (It 
is not known whether this clothing description is true of either of 
the Bishop women; nonetheless this description ultimately affected 
Bridget Bishop’s trial.) These articles of clothing were not as common 
in seventeenth century New England fashion. Women in New England 
resembled their English counterparts in their clothing. They usually 
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wore long, pale colored dresses with a bonnet-like hat. (See Appendix 
B.) Bishop’s alleged black hat, as the artist, Wenceslaus Hollar, describes, 
would have been considered “mannish,” and her supposed black cape 
was out of the ordinary.23 This clothing was not like the normal New 
England woman’s, so the false description served to further distance 
her from the Salem community.

Furthermore, the witnesses’ descriptions of Bridget Bishop’s home gave 
her an unruly, uncivilized reputation, against anything the Puritans 
believed in. Witnesses including Reverend John Hale illustrated 
Bridget Bishop’s house as a late-night bar, which she herself hosted. At 
her home, people would drink and play shovelboard, actions that Hale 
believed caused many familial problems and produced corruption in 
the younger generation.24 By supposedly keeping this tavern, Bishop 
was living and encouraging a life of partying and recklessness. The 
resistance to this lifestyle is apparent in the 1648 Massachusetts laws,  
in which both the shovelboard game and the occupation of “Taverner” 
are actually prohibited.25 Additionally, not only was Bishop’s new identity 
disobeying Massachusetts’s law, she was again challenging the Puritan 
rules of society. Puritans believed in a wholesome, unadulterated lifestyle, 
and thus drinking and partying late into the night were practically 
forbidden.26 The woman Hale claims Bishop to be defies the image of 
the normal Puritan woman by hosting this place of irresponsibility and 
unruliness. The court, hearing Bishop’s alleged reputation, was inclined 
to believe Bishop was a wild, reckless woman. They would therefore 
have believed her to be associated with witchcraft, as witchcraft was the 
most they knew of wildness and unruliness. The false identification of 
Bridget Bishop was the final push that convinced the court Bishop was 
a threat to Puritan society and led to the jury’s decision.

Convicted by Societal Norms: Then and Now 

Bridget Bishop was not convicted merely because people believed her to 
be a witch. The jury might have truly thought so; however, the reasons 
for her conviction lie in why they could believe her to be associated with 
witchcraft. Bishop was far from the ordinary, powerless, submissive 
Puritan woman. Her challenging behavior towards her husband, her 
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newly owned property left by her husband, and her remarriage were 
threatening towards the men in seventeenth-century New England 
society, for here was a woman who was independent and self-sufficient. 
The false, new identity the witnesses gave Bishop was just the icing on 
the cake. They portrayed her as reckless and undomesticated, a definite 
threat to the way their society thrived. She was convicted because she 
was different, someone the Puritans did not know how to receive and 
thus feared.

In present day, we tend to believe that this trial, along with the rest of 
the Salem witch trials, was a single, one-time event; that although these 
trials should not have happened in the first place, they will most likely 
never happen again. But this alienation and persecution of people 
who are thought of as dangers to society is not restricted to the 1690s. 
If we look at historical events even within this past century, such as 
the Civil Rights Movement, the Holocaust, and the Women’s Suffrage 
Movement, they all have one theme in common. In each, society has 
punished a group of people for threatening, or even changing, social 
norms and values, just as the Salem court convicted Bridget Bishop. 
This conviction by societal norms has happened repeatedly throughout 
history, which raises the issue of when society will convict again, if we 
are not already doing so. 
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Appendix A

Source: Map of Salem Village in 1692 by W.P. Upham (1866), 
from Charles Upham’s Salem Witchcraft (1867).
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Appendix B

Source: Wenseslaus Hollar’s engraving, “The Several Habits of English Women, 
from the Nobility to the Country Women as they are in these times: The Woman
with a Handkerchief ” (1639). 
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Source: Wenseslaus Hollar’s engraving, “The Several Habits of English Women, 
from the Nobility to the Country Women as they are in these times: The Woman 
with a Mannish Hat and Flowered Petticoat” (1640).
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Varying Water Temperatures and Salinities 
and Their Effect on Refracting Light

Julia Heimark

1  Purpose

The purpose of this project is to investigate how altering the 
temperatures and salinities of water affects water’s refractive index.  
Web research indicates that the more dense the fluid, the higher 
the index of refraction. Therefore the hypothesis was that hot water 
would have a lower refractive index than cold water, and that water  
of high salinity would have a greater refractive index than water of  
low salinity. 

2  Equipment

Quantity Description Origin My Cost
3  8”x8”x1/8” plastic 
squares and 1  
12”x12”x1/8” 
plastic square 

Used to Make 
Triangular Prism

Homemade $6

1 tube Silicon Caulking Home Depot $4
1 Laser Home $0
450 g Sodium Chloride Lab-Pro, Inc. $20
1 Digital Scale Friend $0
1 Digital Thermometer Friend $0
1 Tape Measure Home $0
2 ft Plastic Tubing Walgreens $10
15 L Water Home $0
1 Beaker (measure 1 L) Friend $0

This paper was written for Marc Allard’s Physics class in the spring 
of 2010.



3  Methodology

A triangular prism was set up so that a laser could shine through it onto 
a blank wall. First, the point where the laser hit on the wall without the 
prism was recorded. Then water was poured into the prism, and the 
point on the wall was recorded again. A known amount of sodium 
chloride (to reach a specific salinity) was added and the new point was 
recorded. This was repeated six times with increasing amounts of salt. 
Each time the water was drained, new room-temperature water was 
added, and the measurement of the refracted point noted. The process 
was then repeated another three times, this time varying the water 
temperature instead of the salinity. After the data was recorded, the 
index of refraction was calculated using trigonometry and Snell’s Law. 

4  Detailed Procedure

I. Make the prism:

 1. Glue the three smaller squares together (edge to edge, at a 60°  
 angle) with acetone to make a triangular shape. Duct tape the  
 edges to add extra security.

 2. Use the acetone to attach the triangle to the bigger square,   
 which will be the base. 

 3. After the acetone has dried, use the caulking around the base 
 to ensure that water will not leak out.

 4. Let dry overnight before adding water. 
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Figure 1: Laser and prism position [1]

II. Gather Data

 1. Position the laser and prism as shown in Figure 1. The laser  
 should shine perpendicular to the wall. The larger the distances  
 between the wall, prism, and laser the easier it will be to see   
 a change in the refraction. Secure the laser so that it does not 
 move during the experiment.

 2. Remove the prism from the setup. Shine the laser and mark  
 where it lands on the wall. This is the origin. Replace the prism 
 in its spot, but on top of a piece of paper, and tape it down so 
 it remains stationary. 

 3. Check to make sure that the laser’s point is still shining on the  
 same spot (while the prism is down), but mark it if it has moved. 
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 4. Now pour 3 L of room-temperature water into the prism. 
 Shine the laser and mark the new position on the wall. 
 Measure and record the temperature. Label this Trial 1. 
 **Note: Remember to label your points as you mark them.**

 5. Add 60 g of salt to the water and mix the water until the 
 salt is mostly dissolved. Shine the laser and mark the new 
 point again. Measure and record the temperature, and record 
 the amount of salt added. Label this Trial 2.

 6. Repeat Step 5 four more times. 
 The first time, add another 60 g of salt.
 The second time, add 60 g of salt.
 The third time, add 180 g of salt.
 The fourth time, add 90 g of salt.
 (You will now have a total of six trials)

 7. Siphon out the water using the rubber tube.
 (While one end of the hose sits in the water, suck the other 
 end of the hose until the water begins to flow, remove the 
 hose from your mouth, and let the water continue to flow 
 out until the prism is empty.)

 8. Refill the prism with 3 more liters of room-temperature water  
 and repeat Step 4. (Label this either Trial 1 of a new table, or 
 Trial 7 of the same one.)

 9. Repeat Steps 7 and 8 two more times: first with hot water, then  
 with cold water.

 10. Siphon the water out and shine the laser through the plastic  
 one more time. It should be in the same spot as it was in Step 3.  
 This is to certify that the point has not drastically moved. If it 
 has, then your setup was bumped during the experiment and 
 you will end up with a large error. 
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Figure 2: Diagramming the lengths and angles [1]

III. Find θmd:

The following refers to Figure 2. 

Finding length c-b:

 1. With no water in the prism, mark on the sheet of paper
 the point where the beam enters the triangular prism (Point d).  
 Then put a mark where the point exits the prism (Point e). 
 The line between d and e is the path of the undiverted beam.

 2. Mark where the undiverted laser lands on the wall.
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 3. Add three liters of water to the prism. Mark the point that the  
 laser hits the wall. (This is Point a). Rotate the prism so that the  
 path of the refracted beam (Points d to f) is parallel with the   
 base of the prism. (You can see the base in the first diagram of 
 the procedure).

 4. Move the prism aside. Connect Points d and f along with 
 points d and b. 

 5. Attach a string to Point a and bring the string so that it passes  
 through Point f, and then crosses line d-b. Mark where the string  
 crosses line d-b and label this Point c. 

 6. Measure the distance from Point c to Point e. 

 7. Add this distance to line e-b. You now have length L, which 
 you will use in trigonometry along with length X to find θmb.

5  Data 

Salinity (ppt) Temperature (°C) Distance from origin (in)
0 21 37.375
20 21 38.0
40 21 38.438
60 21 38.75
120 20 40.0
150 20 40.625
0 22 37.438
0 92 34.875
0 5 36.875
vinegar 21 37.938
oil 21 59.0

Figure 3: Salinity vs. temperature vs. distance from origin
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6  Calculations

For the full calculations, see the online version of the Roundtable at 
http://roundtable.menloschool.org.

7  Discussion

The purpose of the experiment is to investigate the relationship that 
increasing salinity and changing temperature have upon the refractive 
index of water. In order to determine how varying the temperature and 
salinity of water affects its index of refraction, I aimed a laser through 
a water-filled prism and changed its salt content and temperature, 
examining how the laser beam moved. Specifically, the laser was shone 
through the prism and onto a wall, and then I marked the place where 
the laser came into contact with the wall. First I altered the salinity of the 
water, adding a certain amount of salt for each trial, so that I was able to 
calculate the salinity every time data was collected. Then I siphoned out 
the salt water, replaced it with fresh water, and altered the temperature 
of the water, recording the new data points. To be more precise, I used 
cold water, room-temperature water, and hot water for this part of 
my procedure. After I was finished marking the points on the wall, I 
measured the distances from each point to the origin (which was where 
the laser’s end was when there was no prism disrupting its path). With 
this and the length to a specific part of the prism from the origin, I was 
able to use trigonometry to find the angle of refraction. Lastly, with 
my newly found angle of refraction, I used Snell’s Law to calculate the 
experimental index of refraction for each salinity and temperature. 

Before conducting this experiment, my hypothesis was that higher 
salinity would lead to a higher refractive index, and a colder 
temperature would cause a higher refractive index. My reasoning for 
this expectation was based on what we learned in class about density’s 
relationship to the index of refraction: the higher the density, the 
higher the index of refraction. A higher-salinity water is denser than a 
lower-salinity water, and low-temperature water is denser than high-
temperature water. With this hypothesis, I dove into my experiment 
and discovered that the data very closely matched my expectation. 
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7.1  My results

Salinity (ppt) Temperature (°C) Refraction Index
0 21 1.3374
20 21 1.3420
40 21 1.3452
60 21 1.3475
120 20 1.3565
150 20 1.3609
0 22 1.3379
0 92 1.3187
0 5 1.3337

Figure 4: Salinity vs. temperature vs. refraction index

Figure 5: Refraction index for increasing salinity
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Figure 6: Refraction index for increasing temperature

From Figure 5 it is clear that the index of refraction and the increase 
of salt content have a linear relationship, as the points form a nearly 
straight line. This relationship is what I had expected and proves 
my hypothesis partially correct. However, when it comes to the 
temperature, the experimental results did not conform to all of my 
expectations. The hot water and room-temperature water lie on the 
graphs exactly where I expected them to: the hot water at a lower index 
of refraction than the room temperature. The cold water for some 
reason has a lower refractive index than the room-temperature water, 
which is odd, because it has a higher density. This was unexpected, and 
without further experimentation I cannot be sure of the reasons, but 
my guess is that it was a result of experimental error. The difference in 
temperature between the room-temperature and the cold water is only 
15 degrees and the difference in the observations is only a refractive 
index of 1.3379 vs. a refractive index of 1.3337. These small differences 
are easily within the range of experimental error, but without additional 
data it is impossible to know whether error or some other explanation 
is the actual cause of the divergence from the hypothesis. 
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7.2  Error

In order to calculate the percent difference due to error, I had to do some 
online research. For the salinity trials, I based my theoretical refractive 
indexes on a graph at www.reefkeeping.com. [3] For the temperature 
trials, I was only able to find the theoretical refractive index of one 
temperature, which I found at www.thermo.com. [2] Using these two 
sources I was able to calculate my percent difference for each trial, and 
the average of them all was 0.25%. 

Many likely sources of error could be eliminated or reduced by 
improvements in the experimental design. One source of error that 
I encountered was the fact that the set up was not extremely stable. 
Any extraneous weight or pressure applied to the table that the laser 
and prism were on would thereby tilt the table slightly and change 
where the laser entered and exited the prism. Another source of error 
was that the laser had to be held down for it to remain steady on the 
table. Although this was almost impossible to avoid, there were other 
experimental errors that occurred. I observed that the prism’s walls 
bowed due to water weight. This changed the shape of the prism 
slightly and affected where the laser hit the wall. This distortion of the 
prism wall was exacerbated by the hot water test as the walls bowed 
significantly more in the hot water test and subsequent tests than in 
the earlier trials. The fact that I used the hot water before the cold 
could have caused the deviation of the cold-water observation from 
my hypothesis. After I finished collecting my data, I played around 
with the prism walls a bit. I noticed that as the walls bowed they caused 
a noticeably large height difference, but I did not see it affecting the 
x-axis displacement. Hence in my measurements I measured the x-axis 
displacement only and ignored the y-axis displacement to eliminate as 
much of this error as possible. Lastly, another source of error was the 
siphoning of the water. When I siphoned out the water, I was unable 
to remove all the salt that remained from the salty water. The small 
amount of remaining salt affected the density of the water, which in 
turn affected the index of refraction.
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8  Conclusion

Despite these inaccuracies, by the end of the experiment it was clear 
that salinity and temperature do affect the refraction of light in water. 
Although errors were present, I consider this experiment to be an 
overall success. Still, if I had the opportunity to perform it again there 
are a few things I would change. First, I would have taped down the 
“on” button on the laser so that no external force could accidentally 
move it as it was being pressed on and off. Additionally, I would have 
made the prism with thicker walls so that the water weight and heat 
would not be able distort it as easily. Even if the bowing did not affect 
the x-axis displacement per my observations, it would still be a good 
factor to remove. Lastly, I would pour in clean water and siphon it out 
a few times before switching to the temperature alternation so as to 
minimize the amount of residual salt. I would hope these alterations 
would allow the calculations and results to be even more precise.

As I finished my data collection, I also investigated what the refractive 
index would be for vinegar and oil. My results for vinegar were as 
expected, but I was surprised that the oil exhibited a much higher 
refractive index than water. Oil is less dense than water because it floats 
(and separates) when the two are put together. So why does the lighter-
density fluid have a higher index than the heavier one? I asked myself 
if my hypothesis was something that only applied to materials of the 
same substance (i.e., if you had oil with a high density and oil with 
a low density, would the higher density oil refract more?). It would 
be very interesting to measure refraction indexes with a number of 
different substances, and would be a good way to take this experiment 
to the next level.
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FutureHand: The Use of an Inertial 
Measurement Unit as a USB Device

Raphaël Townshend

1  Abstract

FutureHand is a next-generation device that uses sensors hooked up to 
an Arduino Duemilanove to measure absolute tilt, position, velocity, 
and acceleration of a user’s hand. In turn, these gestures are mapped to 
specific keyboard and mouse commands via a serial port interface that 
allows for the control of virtually any digital device. Arduino programs 
were written to capture the raw data under a number of different test 
cases. The theory and mathematics for converting from the nine degrees 
of measurement from the sensors to yaw, pitch, and roll was developed. 
A MATLAB program was written to test the algorithms and convert the 
raw data; the program successfully tracked movements of the device 
within five degrees of precision. The code was then ported to Java so 
that it could be integrated into the Advanced Topics in Computer Sci-
ence project Moonweasel for debugging and display purposes.

2  Introduction

With the invention of computers, humanity was ushered into a new 
era of prosperity and efficiency. The power of computing spread across 
the world, and soon all were benefiting from the nearly limitless pos-
sibilities of the digital world. Unfortunately, this newfound strength 
came at a price. As humans became increasingly intertwined with the 
multitude of devices that surrounded them, they began to lose touch 
with the physical world, which is where humans actually reside.

Thus, if it were possible to bring the physical world into the digital 
world, we could combine efficiency with the world we are used to in-
teracting with and would greatly improve the lives of the millions who 

This paper was written for Dr. James Dann’s Applied Science 
Research class in the spring of 2010.



use this technology in their everyday lives. The hand-controlled next-
generation mouse that I seek to create is a first attempt at achieving this 
fantastic goal, and if it succeeds I will perhaps build upon it in order 
to help advance research in the field. The inspiration for this project 
came quite suddenly, while I was viewing Pranav Mistry’s 2009 talk at 
TED, where he displayed his revolutionary Sixth Sense device. [1] The 
device allowed the user to bring the digital world wherever he went, 
and I immediately realized that the potential behind this idea of fusion 
was great indeed.

For one such as myself who has always been fascinated by the world of 
computing yet bothered by its disconnection from reality, this newly 
formed field presented the ideal opportunity to research and develop 
new technology that would allow for the merging of the digital and 
physical worlds. Perhaps my work in this field will spark the interest of 
others, and maybe even lead to a discovery that will bring reality and 
computing closer than ever before. 

I therefore sought to create a hand-controlled next-generation mouse 
that would be a first step in allowing such fusion to occur. More specifi-
cally, I attempted to build a device comprised of gyroscopes, acceler-
ometers, and magnetometers that was hooked up to an Arduino board 
and that will run software that conforms to the USB protocol. This in 
turn will allow the user to control any device using USB ports with sim-
ple gestures of the hand, thus giving previously abstract actions actual 
meaning and rooting them in the physical world. The user’s movements 
can be mapped to virtually any command, and thus the customization 
and applications of such a device would be nearly infinite.

Through this project I learned how to design embedded systems that 
are compatible with modern-day electronics. I have also learned how 
to use and write programs for the Arduino and how to receive and 
process analog and digital inputs that I obtained to give the desired 
outputs. In addition, I am now able to use the MATLAB program as I 
needed it to run the multitude of tests necessary to perfect my comple-
mentary filter. In the near future I will research how to create a device 
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that complies with the USB protocol. And last but not least, I will learn 
how to properly package and design my product so that it could be 
used with a minimum of a hassle.

3  History

Surprisingly, little work has been done in the field to date. The most pub-
licized forays into this realm were attempts to make the use of the com-
puter more intuitive, whether via touch screens [2], trackpoints [3], or 
innovative mice [4, 5], but these still require users to learn an abstract in-
terface, and there remains a degree of removal, albeit a diminished one.

In addition, there have been attempts at making controllers that resem-
ble real-world objects. These controllers, which are more in line with 
my current project, keep track of the various actions the user performs 
upon them, and those actions are then transmitted and executed upon 
a digital object similar to its physical counterpart. A prime example of 
this can be found in arcades, where many shooter-type games have the 
players wield controller-weapons that allow them to control the identi-
cal in-game counterpart seamlessly. [6] Unfortunately, the use of these 
controllers is limited as they can only simulate one object, and thus 
impose physical limitations on the digital world. Nintendo has also 
released its own foray into the field with the Wii. Though it exploits a 
user’s gestures, its use and potential remain somewhat narrow. [7]

The only work that I have encountered that actually uses the user’s 
hands as the controller for the digital world was in fact my original 
source of inspiration for this project: Mistry’s Sixth Sense. [8] In the 
case of this device, the limitations of the physical world are done away 
with since we no longer rely on the intermediate controller-object, yet 
the control of the digital world becomes more intuitive as it uses the 
tools we have had practice with since the beginning of our lives.

However, I believe the lack of work in the field in fact shows how much 
room exists for innovation. Very little has yet been tried, and notions 
of what is acceptable and what is not have not been set in stone for  
this domain. 



In addition, the extremely positive reception of Mistry’s device sug-
gests the receptiveness of the world to innovation in the field. [9, 10] 
The general public and the market itself are just beginning to realize 
that it is possible to do away with the layer of abstraction that has been 
forced upon us ever since we began using digital devices. 

4  Theory

4.1  The Big Picture

The FutureHand is comprised of a three-axis accelerometer, two gyro-
scopes, and a magnetometer (collectively called an Inertial Measurement 
Unit), that are hooked up to an Arduino Duemilanove, which is in turn 
plugged into a computer’s USB port. The role of the sensors is to deter-
mine the position, tilt, velocity, and acceleration of the user’s gestures.

In order to do so, all six degrees of freedom of a hand’s motion must be 
accounted for. Thus the need for all four devices, where the ADXL345 
outputs linear acceleration in all three directions, the LPR530AL gives 
the angular velocity in two directions (pitch and roll), the LY530AL 
obtains the angular velocity in the remaining dimension (yaw), and 
the HMC5843 measures the strength of the magnetic field. 

The two gyroscopes used will measure the angular velocity in three 
dimensions, from which we can derive angular acceleration and inte-
grate to obtain a very rough estimate of absolute tilt. We then use the 
accelerometer-based estimate of pitch and roll to calibrate the gyro-
scopes’ readings. Finally, the magnetometer allows us to adjust the yaw 
measurements using a complementary filter.

The magnetometer and accelerometer are useful for measuring tilt in 
static situations as we need only to map their values in the local coor-
dinate system to the expected values in the global coordinate system. 
In a dynamic situation, however, the readings from the gyroscope are 
needed to subtract the effects of gravity from the accelerometer’s read-
ings and obtain the real linear acceleration. In addition, the magnetom-
eter and accelerometer contain imprecisions when subjected to rapid 
changes, thus the gyroscope readings are needed in order to provide 
live tracking of these sudden modifications in positioning and tilt.
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In short, the Arduino is constantly reading in data from four sensors 
and needs to find the optimal solution to an over-constrained six-vari-
able system. The Duemilanove will then interpret these six degrees of 
freedom and use the readings to simulate keyboard and mouse com-
mands by conforming to the USB protocol for such devices.

4.2  The Coordinate System

 

Figure 1: Tilt angles as defined in 4.2 [11]

When dealing with sensors whose orientations are subject to constant 
changes, it is important that we define not only a global coordinate 
system but also a local one, as it is in the latter that the raw sensor data 
will be given while external forces such as gravity will be given in the 
global coordinate system, and we will thus need to transform points 
from one coordinate system to the other.

We accordingly define a global coordinate system (X, Y, Z) with origin 
located at an arbitrary point on the user’s desk. The Z-axis is up, the 
X-axis is lined up with the magnetic north, and the Y-axis runs per-
pendicular to the XZ-plane, heading west.

In addition, we define the local coordinate system (x, y, z) with origin 
located at the center of the accelerometer and whose orientation is de-
termined by the chip’s labels.
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Now that we have these two systems, we need to define a way to trans-
form a point from one system to the other. The beta version of the 
FutureHand will only use tilt to control digital devices. Therefore the 
problem boils down to properly rotating the coordinate systems. Since 
three degrees of freedom are associated with rotation, the transforma-
tion procedure will be done in three steps, whose order is chosen arbi-
trarily but, once determined, should be kept consistent. Let us assume 
that we are transforming a point in the global system to the appropri-
ate position in the local system.

By convention, we first perform the rotation around the Z-axis using 
the right-hand rule. The amount the XY-plane is rotated by is defined 
as yaw (expressed as ψ, in degrees). Next we perform the rotation 
around the once-rotated Y-axis using the right-hand rule. The magni-
tude of this transformation is defined as pitch (expressed as θ, in de-
grees). And finally we perform the rotation around the twice-rotated 
X-axis using the right-hand rule. The magnitude of this transforma-
tion is defined as roll (expressed as φ, in degrees). Mathematically, this 
can be written as follows:

 
Since we are dealing with a three-axis coordinate system, each of these 
rotations comes in the form of a 3x3 matrix, which we sequentially apply 
to the 3x1 position matrix (with the rightmost transformation matrix ap-
plied first). Here are the definitions of these transformation matrices [12]:

 

With these matrices we now have the capacity to rotate a three-dimen-
sional vector in the global coordinate system to its respective position 
in the local coordinate system. This has many uses as far as Future-
Hand is concerned, most notably the ability to subtract the impact of 
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gravity from the accelerometer readings so that we obtain the device’s 
true acceleration. This is done as follows:

In the global (X, Y, Z) coordinate system, the acceleration due to grav-
ity can be written as a vector of the form (0, 0, -g). Thus, by applying 
the three transformation matrices, we obtain the effect of gravity, as a 
3-D vector, in the local coordinate system:

 
And finally we obtain the true acceleration                                of the device 
by subtracting the effects of gravity in the local coordinate system from 
the accelerometer’s readings (Ax, Ay, Az):

 

Thus, by knowing the yaw, pitch, and roll of the device (obtained by 
integrating the gyroscope’s output and calibrating using the acceler-
ometer and magnetometer values), we can correct the accelerometer’s 
readings by subtracting out the net effect of gravity in the local coor-
dinate system.

The same set of transformation matrices also provide the procedure 
necessary to transform a point in the local coordinate system to the 
global coordinate system. If we apply the same transformation matri-
ces in the reverse order, using the negated values of the yaw, pitch, and 
roll, we should be able to work backwards and obtain the global coor-
dinates of a point from its local coordinates. This makes sense as it is 
essentially the global-to-local procedure in reverse. Mathematically:
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We can then use this set of transformation matrices to convert sensor 
readings into the global coordinate system, thus allowing us to com-
pute the tilt via the steps shown in Section 4.6.

4.3  LPR530AL and LY530AL Gyroscopes

The LPR530AL measures angular rate along the pitch and roll axes, 
whereas the LY530AL measures angular rate along the yaw axis. [13, 
14] They are both composed of a micromachined structure containing 
a gyroscope that is permanently oscillating at high speeds. The gyro-
scope is free to react to changes in angular velocity in any direction, and 
thus, due to conservation of angular momentum, it will resist changes 
in its orientation. The resistive force can then be measured and the an-
gular velocity thereby deduced and outputted as a voltage. During my 
experimentation I discovered that the gyro breakout boards include a 
high-pass filter on the output, making it more difficult to get readings 
that can be easily integrated.

4.4  ADXL345 Accelerometer

The ADXL345 Accelerometer measures static and dynamic accelera-
tion in all three axes. It is essentially comprised of a micromachined 
structure suspended over a polysilicon wafer and differential capacitors. 
[15] One plate of each capacitor is attached to the suspended structure 
and the other is independently fixed. Thus the deflection of the struc-
ture changes the distance between the capacitors’ plates, modifying the 
capacitance. A circuit within the chip measures the difference between 
these capacitances and outputs an amplitude proportional to the ac-
celeration. This amplitude is converted into a digital signal and sent to 
the Arduino using an I2C interface.

4.5  HMC5843 Magnetometer

The HMC5843 is designed to detect small magnetic fields along all 
three axes through the use of magneto-resistive sensors. [16] An in-
crease in the magnetic field lowers the electrical resistance of conduct-
ing materials present within the sensors, and this resistance can in turn 
be measured by running a current through the element and measuring 
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and amplifying the resulting voltage across the conductor. [17] How-
ever, since the decrease in electrical resistance is only proportional to 
the perpendicular component of the magnetic field vector projected 
onto the current vector, we can detect the magnetic field in all three 
directions by placing conducting materials along each axis and mea-
suring the resistance of each of them.

4.6  Combining Sensor Data to Compute Yaw, Pitch, Roll

As discussed beforehand, all three sensor types help determine the ab-
solute tilt of the device, as they can each be used to compute a unique 
estimate of the angles or their derivatives. Once these estimates have 
been obtained, we need to combine them to obtain highly accurate 
measurements of roll, pitch, and yaw as a function of time. We are 
essentially dealing with a system consisting of nine degrees of mea-
surement and three degrees of freedom, and we need to find the best 
possible solution for the system of equations.

There are a few different ways of approaching this problem:

•  Integrate the gyroscope outputs. This is simple but only uses three  
 degrees of measurement and would drift as the gyroscopes contain  
 high-pass filters, which remove any constant angular changes.

•  Use accelerometer readings to obtain an estimate of roll and pitch  
 and the magnetometer data for an estimate of yaw. This would   
 be sensitive to linear acceleration, however, and would also be very  
 noisy. High frequency (fast) movements would also be very difficult  
 to track.

•  Apparently the optimal way to do this is with the Kalman filter.  
 It uses all the inputs to minimize the noise in the estimates. 
 However, this primarily relies on magic (also known as very 
 complex mathematics).

•  Finally, the solution used for the FutureHand is to mix the high-
 frequency gyro outputs with the drift-free accelerometer and 
 magnetometer outputs in order to obtain a fairly noise-free and 
 accurate estimate of yaw, pitch, and roll. This is also known as a 
 complementary filter. [18]
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We first obtain an estimate of pitch and roll using the accelerometer 
readings. These are given in the local coordinate system as (Ax, Ay, Az) 
and, when the device is at rest, correspond to the force of gravity, given 
as (0,0,-g) in the global coordinate system. Thus, we want to find the 
roll, pitch, and yaw such that:

 

Note that the accelerometer readings do not depend on the yaw of the 
device. From the above we can calculate the pitch and roll as follows:

 

In the above calculations, the roll can vary between -π and +π, so we  
have to use the signs of Ax and Ay  to determine the quadrant of the arctan.

If the device is not at rest, the accelerometer readings will add up to 
less than or more than g, which will cause the above equation to break 
down. Yet we can partially compensate for this error by scaling the 
readings so that they add up to g. The error caused by interpreting ac-
celeration as gravitational pull is then minimized via the complemen-
tary filter, as will be discussed later in this section.

From the magnetometer readings (Mx, My, Mz) we can estimate the 
yaw, ψM. If the sensor is not pitched or rolled, this is straightforward 
using just Mx and My:
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However, if the device is pitched or rolled, the z component of the 
magnetic field due to inclination will confound the directional mea-
surement. [See Section 4.7.] We can therefore use the pitch and roll 
estimates to tilt-compensate the magnetometer readings so that the 
above equations can be used. The tilt compensation is essentially put-
ting the magnetometer readings through the local-to-global transform 
without the final yaw transform.

 

Similarly, the gyroscope readings (Gx, Gy, Gz) are in the local coordi-
nate system and need to be converted to derivatives of the yaw, pitch, 
and roll: [19]

 

At this point we have estimates of the yaw, pitch, and roll that are accu-
rate in the long-term and estimates of their rates of change that capture 
rapid changes. These are combined using a complementary filter one 
time step at a time to form our final estimates of φ(t), θ(t), and ψ(t):
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4.7  Inclination of the Earth’s Magnetic Field

 

Figure 2: A graphical representation of the Earth’s magnetic field. Frame A shows 
the overall field lines, whereas Frame B shows the direction of the magnetic field 
at different latitudes along the Earth’s surface. [20]

Unlike gravity, which we used in Section 4.6 to obtain an accelerome-
ter-based estimate of tilt, the strength and direction of a magnetic field 
vary widely for different regions of the Earth. [21] This can be prob-
lematic as we use the magnetic field’s vector in global coordinates to 
obtain a magnetometer-based estimate of yaw. Though the magnitude 
of the field can easily be calculated from the magnetometer readings, 
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finding the direction proves to be harder as the Earth’s magnetic field 
lines are not parallel to the Earth’s surface, as shown in Figure 2. Even 
though the field lines continue to point in a northward direction, we 
observe that as we approach the magnetic north the inclination of the 
magnetic field increases, augmenting the vertical component of the 
field in our global coordinates while decreasing the horizontal com-
ponent. Therefore, every time the FutureHand is used, the inclination 
of the magnetic field must be recalculated so that our computations 
remain properly calibrated. (This is possible as we have an over-con-
strained system.) Once the magnetic field is obtained, however, we can 
assume it is constant as the user will probably not move enough during 
the time of use such that the field experiences a significant change in 
direction. As a final note, one significant problem encountered is that 
any transient magnetic field will confound the magnetometer readings 
and yield erroneous results in the yaw calculations.

5  Design

The FutureHand is a small device that can be worn on a hand, either 
as a glove or with an attaching strap that detects the movement of the 
hand. Any motion, tilt or acceleration of the hand can be measured 
and converted into commands for the host computer using algorithms 
that I will design. In this way, intuitive gestures can be used to control 
various pieces of computer software. For example, windows could be 
moved around by swiping, viewing direction in a game could be con-
trolled by hand tilt, or a document could be scrolled by sharply rotat-
ing your hand.
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Figure 3: Breadboard view of ADXL345 Accelerometer, LRP530AL Gyroscope, 
LY530AL Gyroscope, and HMC5843 Magnetometer wired up to Arduino 
Duemilanove. This setup allows for the running of the sample (source code 
available online at http://roundtable.menloschool.org) and allows for the 
reading of the accelerometer’s, magnetometer’s, and gyroscopes’ output.
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Figure 4: Schematic view of Breadboard shown in Figure 3. The Arduino’s Analog 
inputs 4 and 5 are being used for digital I2C communications with A4 being the 
data line and A5 being the clock line. The resistors are in place in order to prevent 
the short circuit that would otherwise occur if A4 and A5 were directly linked 
to the voltage source. Both the HMC5843 and ADXL345 are using I2C 
communication and are hooked in parallel to the A4 and A5 ports. 
The gyroscopes are connected to regular analog ports.
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6  Results

6.1  The Big Picture

So far I have been able to hook up an accelerometer, two gyroscopes, 
and a magnetometer to the Arduino and nine degrees of measurement 
of data are successfully being read out. I have written an Arduino test 
program using the Wire library that sends the accelerometer readings 
to a Processing program that constructs a graphical display of the data 
and writes it to a text file. I then wrote a program in MATLAB that 
successfully calculated roll, pitch, and yaw from these text files. Final-
ly, I wrote a Java program that interfaces with the Advanced Topics 
in Computer Science project “Moonweasel” by controlling a starship 
with dynamically calculated Euler angles. In the process I have learned 
how to use the Arduino and its various features effectively, how to read 
and comprehend a component’s data sheets and schematics efficiently, 
how to set up an I2C wiring interface, how to wield the power behind 
Processing and MATLAB applications, and how to properly read data 
off a serial port.

6.2  Developing in MATLAB

To correctly develop the mathematics needed to get a smooth and ac-
curate output, I ran several tests and captured the raw data into files as 
mentioned in Section 4.2. The test cases that I ran include the following:

1.  Pause 2 s, Rotate 90° around Y-axis, pause 2 s, return, pause 2 s.

2.  Pause 2 s, Rotate 90° around X-axis, pause 2 s, return,
 Pause 2 s, Rotate 90° around Y-axis, pause 2 s, return, 
 Pause 2 s, rotate 90° around Z-axis, pause 2 s, return, pause 2 s.

3.  Pause 2 s, Rotate 90° around Y-axis, pause 2 s,
 Rotate 90° around X-axis, pause 2 s,
 Rotate 90° around Z-axis, pause 2 s,
 Rotate -90° around X-axis (back to start), pause 2 s.

4.  Pause 2 s, Rotate 360° around Z-axis, pause 2 s.

5.  No movement for 10 s.
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The data from these were loaded into MATLAB and processed with 
a program I wrote that implements the transformations, tilt compen-
sation, complementary filter, and drift compensation. (See Appendix 
9.3.) This program successfully uses nine degrees of measurement to 
calculate a fairly accurate and rapid estimate of the yaw, pitch, and roll 
(discussed more in depth in Section 4.6).

For example, Figure 5 shows the raw data and outputs from a run of 
Test #4. The top panel shows the raw data from the accelerometer. The 
values remain constant, with a small amount of noise. The x and y val-
ues are near zero, and the z value reflects the gravitational force acting 
straight down as though the device were being accelerated upward at 
one g.

Panel 2 shows the gyroscope raw data. The x and y values remain rela-
tively constant since it was not being rotated in those directions, but 
the z values show a rotation averaging 20 degrees per second. The nois-
iness reflects the inconsistency of moving it by hand.

Panel 3 displays the normalized magnetometer data. Even though the 
device was lying flat, there is a z component to the readings due to the 
inclination of the Earth’s magnetic field. In fact, the inclination was 
calculated from these measurements to be 52° with a field strength of 
0.38 Gauss. This compares reasonably with the values from NOAA of 
61° and 0.49 Gauss. [22] The next panel shows the tilt-compensated 
values. In this test the tilt compensation has no effect since the device 
was lying flat.

Panel 5 shows the roll, pitch, and yaw derived from the accelerometer 
and magnetometer. It clearly shows that the pitch and roll remain near 
zero and the yaw went through a full rotation of 360°. Since the yaw 
and roll angles are constrained to be between -180° and +180°, there is 
a jump at around 10 seconds. The noise on the roll and pitch is due to 
bumpiness (linear acceleration) while moving the device.
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Panel 6 shows the final yaw, pitch, and roll output from the complemen-
tary filter. The transient noise shown in Panel 5 has been suppressed 
since the gyro did not indicate such large changes in the roll and pitch. 
Otherwise it tracks the previous panel. The final panel shows the dif-
ference between the two prior panels.

Similar outputs for the other test cases are included in Appendix C. In 
all cases the final estimates of roll, pitch, and yaw track the expected 
values well. The plots also show the effect of passing +/- 180° in the roll 
or yaw, resulting in sharp discontinuities. In addition, they show the 
effects of pitching up to +90°. At that point there are multiple possible 
values for the roll and yaw. Furthermore, when the device is pitched 
past vertical, the pitch starts decreasing again and the roll and yaw 
suddenly jump by 180°. These are all artifacts of representing the ori-
entation using yaw, pitch, and roll and do not reflect a large jump in 
the actual orientation. 
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Figure 5: MATLAB Plots for Test Case #4
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6.3  Building an Arduino-Computer Interface

Though the Arduino is responsible for the reception and compila-
tion of the sensors’ outputs, it cannot act as a stand-alone device for a 
couple of reasons. For one, the FutureHand is intended to function in 
conjunction with a computer that the user desires to control, and thus 
from a purely design standpoint it must be able to transmit data to 
the host device. However, the Arduino is also difficult to program and 
might not have enough processing speed to compute the six degrees of 
freedom desired from the nine degrees of measurement, and so must 
be able to send data to a processing application on a more powerful 
device (in this case, the host).

In order to communicate with the host device the Arduino transmits 
its serial output to a USB interface, which allows the computer to read 
the data. It then outputs the data via a virtual serial port that any com-
puter software can read by accessing the /dev folder.

The first program used was Processing, and though it was too low-level 
to easily implement a 6-dof calculator, it was able to display the sensor 
data graphically in a manner that allowed for some initial debugging.

The next step was to construct an actual interpreter for the sensor data 
that would output the yaw, pitch, and roll of the FutureHand. MAT-
LAB, a very robust system for these types of tasks, was first employed, 
and a high number of flaws were eliminated thanks to a series of stan-
dardized tests that were then analyzed within the program. However, a 
fundamental flaw of this system was that it could not calculate the Eu-
ler angles in real time, and instead read them in from a pre-generated 
text file.

Thus, I decided to port the now mostly bug-free MATLAB code to an 
environment more suited for reading in data live from a serial port. I 
ended up selecting Java as it had that capability as well as being very 
familiar to me already. However, doing so was quite difficult as I had 
built my code around a text file input format, where all the data is al-
ready known, and I had to port the code to a loop-based structure 
more adapted to real-time processing.

88             Raphaël Townshend



Fortunately, the attempt was successful, and I was able to write a small 
display program that accomplished much the same tasks as the origi-
nal Processing one with the addition of the Euler angles.

The last step was to integrate the obtained Euler angles into a demon-
stration program. I chose the Advanced Topics in Computer Science’s 
3-D space flight simulator named “Moonweasel.” The Java 6-dof cal-
culator was routinely polled by the main Moonweasel program for the 
current orientation of the FutureHand, and the results were applied to 
the orientation of the in-game vessel shown in Figure 6.

 

Figure 6: Advanced Topics in Computer Science project Moonweasel being 
controlled by the FutureHand

6.4  Packaging

The FutureHand’s current packaging consists of a water bottle contain-
ing Arduino Duemillanove and the various sensors. The USB wire feeds 
through the mouth of the bottle. This format allows for easy manipula-
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tion of the device while minimizing the likelihood of damage. However, 
it is difficult to access the device and it is quite a bulky design.

Future iterations will probably consist of much smaller metal or plastic 
boxes containing the Arduino and its sensors so that it takes up less 
space and is easier to manipulate. It will also be much easier to access 
the wirings.
 
7  The Next Step

The next step is to package the FutureHand into a more compressed 
shell in order to facilitate its use. Afterwards I will modify my code 
so that it also includes translation calculations. Once that is done I 
can begin mapping a variety of gestures to keyboard and mouse com-
mands. Another feature that I would like to implement is wireless 
transmission of the sensor data to the computers via X-Bees, but I lack 
the proper components. I will also do extensive debugging and test-
ing to ensure that the system functions properly and as desired. And 
finally, if time permits, I will design a circuit board and package the 
components into a small unit.

The main obstacle so far has definitely been figuring out all the math 
behind the transformations, tilt compensation, and complementary 
filter implemented in MATLAB. Going forward, I believe that debug-
ging the massive amounts of code will be quite difficult since the math 
behind this is not trivial and the mistakes are often not obvious.
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9  Appendices

9.1  Appendix A: Parts List

The following parts are available from Sparkfun.com (already obtained):

Part Description Use Price
Triple Axis Accelerometer 
Breakout - ADXL345

See theory section Measures tilt and 
linear acceleration

$27.95

Gyro Breakout Board - 
LY530AL - 300°/s

See theory section Measures angular 
velocity in terms 
of yaw

$19.95

Gyro Breakout Board - 
LPR530AL Dual 300°/s

See theory section Measures angular 
velocity in terms 
of pitch and roll

$29.95

Arduino USB Board Arduino 
Duemilanove 

Interfaces between 
the sensors and the 
device employing 
FutureHand

$29.95

Triple Axis Magnetometer 
Breakout - HMC5843

See theory section Measures magnetic 
field

$49.95

9.2  Appendix B: Source Code

Source code for the accelerometer/gyroscope test program, process-
ing display program, MATLAB text file input code, MATLAB text file 
loop code, and Java dynamic loop code can be found online at http://
roundtable.menloschool.org.
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9.3  Appendix C: Test Plots from MATLAB
 

Figure 7: MATLAB plots for Test Case #1: Pause 2 s, rotate 90° around Y-axis, 
pause 2 s, return, pause 2 s
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Figure 8: MATLAB plots for Test Case #2: Pause 2 s, rotate 90° around X-axis, 
pause 2 s, return, pause 2 s, rotate 90° around Y-axis, pause 2 s, return, 
pause 2 s, rotate 90° around Z-axis, pause 2 s, return, pause 2 s.
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Figure 9: MATLAB plots for Test Case #3: Pause 2 s, rotate 90° around Y-axis, 
pause 2 s, rotate 90° around X-axis, pause 2 s, rotate 90° around Z-axis, 
pause  2s, rotate -90° around X-axis (back to start), pause 2 s.
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Figure 10: MATLAB plots for Test Case #4: Pause 2 s, rotate 360° around Z-axis, 
pause 2 s.
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Crystal Radio and Superheterodyne Receiver

Ben Godfrey

1  Abstract

The following paper is twofold. The first part is on the design and prop-
erties of a crystal radio. The second describes the processes behind 
a dual-conversion superheterodyne receiver kit developed by David 
White. It goes into detail concerning each stage and how it functions. 
The stages are described in the order described in Figures 12 and 13.

2  Conception

2.1  The Big Idea

The overall goal in the project was to construct a dual-conversion su-
perheterodyne receiver capable of receiving audible radio signals on 
the 17-, 20-, 30-, and 40-meter bands. It will utilize a kit designed by 
David White (WN5Y) and described on his website. [1] This requires 
learning about oscillating circuits, amplifiers, and bandpass filters in 
order to gain a better knowledge of analog circuitry. As an introduc-
tion, the first part of the project was to design and construct a crystal 
radio. This radio is a simple oscillating circuit and provides one with a 
baseline understanding of how a receiver works before embarking on 
the more complicated superheterodyne receiver.

This paper was written for Dr. James Dann’s Applied Science 
Research class in the spring of 2010. 



Figure 1: A superheterodyne receiver

The conception of this project has been a long time in the making. 
Since 2007 I have been a ham radio operator. For three years, most of 
my time has been spent talking to local hams on the N6NFI repeat-
er using a two-meter uniband transceiver. Not only has this become 
limiting, but also the radio itself relies on digital circuitry, making the 
individual components difficult to distinguish. The final Applied Sci-
ence Research project seems a perfect opportunity to take advantage 
of learning the inner workings of a long-time hobby as well as getting 
a thorough introduction to analog circuitry.

I decided to focus on analog instead of digital circuitry because digital 
circuitry represents the turning off and on of switches. That is, build-
ing a digital radio involves learning how to manipulate the switches to 
accomplish a goal. [2] Designing analog circuits, on the other hand, 
relies on understanding the principles of how the circuit functions and 
not just on learning how to manipulate it. [3, 4] 
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Knowing very little about electronics, I decided that a kit would be 
the best way to proceed. This is because it provides a pre-developed 
circuit that can be put together with insight on the theory behind how 
it works. Also, it removes the issue of trying to find and assemble parts 
by including the parts in a single kit. David White’s electroluminescent 
model was decided on because it provides detailed instructions on 
the various parts of the receiver and includes two large circuit boards. 
Also, the large circuit boards allow ample space for modifications. [5]

Even so, the crystal radio first had to be constructed in order to obtain 
a baseline understanding of what a receiver actually is and how it func-
tions. The radio itself is a simple parallel resistor-inductor-capacitor 
(RLC) circuit [6] that was assembled and tested using a vertical an-
tenna (piece of insulated wire).

3  Crystal Radio

3.1  Introduction

In 1904 Jagadish Chandra Bose first patented the idea for a crystal ra-
dio when he invented a device that would detect electrical signals using 
a galena crystal. [7] This went largely unnoticed until Greenleaf Whit-
tier Pickard filed a patent for a silicon crystal detector in November 
1906. [8, 9] These early crystal radios, called “cat’s-whisker detectors,” 
used a thin piece of wire that touched a semiconducting mineral (com-
monly galena) to rectify the signal, representing an early form of the 
diode. [10] During the 1940s Allied troops made “foxhole radios” out 
of readily available parts (old wire, a razor blade, and pencil lead), and 
similar foxhole radios were also developed by the German anti-Nazi 
resistance movement. By the 1950s crystal radios had become popular 
as hobbyist items. [11]

Crystal radios have since been superseded, but their principles have 
not become obsolete. A crystal radio is a tuned circuit with no external 
power sources other than the radio waves that the attached antenna 
picks up. Besides being the backbone of radios today, tuned circuits 
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are used in everything from RF power amplifiers to induction heating 
by using tuned circuits to maximize the power loss through the heater 
(coil of wire). [12]

RLC circuits have a great future in resonant energy transfer, which 
is the basis for wireless electricity transfer. When a current is passed 
through an inductor, the changing electric field creates a magnetic field, 
as discovered by Michael Faraday in 1831. [13] Usually this changing 
magnetic field is used to induce an electric field in another coil. If a 
capacitor is added to the circuit, it creates a resonant circuit with the 
magnetic field oscillating back and forth as the capacitor is charged, 
uncharged, and charged again. This allows transmission and reception 
at a single frequency. [14]

3.2  CAD Drawing

Figure 2: Inductor, Base, and Tuner
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Figure 3: Circuit Diagram of the RLC Circuit

3.3  Theory

As noted earlier, the crystal radio is a parallel resistor-inductor-capac-
itor (RLC) circuit that receives radio waves and turns them into sound 
waves. Assembling one requires an understanding of what a tuned cir-
cuit is. Accordingly, the simpler case of an inductor-capacitor circuit 
will be examined first.

Figure 4: A simple LC circuit

Assume that a capacitor has been charged from some external source 
and placed into the circuit above. At this point all the energy is stored 
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in the capacitor. Positive charge carriers then begin to flow counter-
clockwise from the top plate to the negatively charged bottom plate 
through the inductor. Charge flows into the inductor, creating a mag-
netic field in the inductor until all the energy in the circuit is stored in 
the magnetic field, although this does not mean that there is no cur-
rent. (The reason why charge continues to flow is that the inductor re-
sists changes in the electric field and thus in the magnetic field as well, 
meaning that charge flows from one plate to the other even though the 
capacitor has equally charged plates.) As charge flows back through 
the capacitor, eventually all the energy in the circuit is stored in the 
electric field and charge begins to flow once more from the bottom 
plate to the top plate. This occurs at some definite frequency, known as 
the resonant frequency of the tuned oscillator. This frequency can be 
represented by:

(where ‘L’ and ‘C’ represent the inductance and capacitance, respec-
tively, of the circuit).

For a long solenoid of length ‘l’, cross-sectional area ‘a’, and number of turns 
per unit length ‘n’, the inductance of a solenoid can be calculated as:

(where ‘μo’ is the permitivity of free space, equal to 4π * 10-7 henries 
per meter).

In order for the crystal radio to receive stations in the AM frequencies 
between around 500 and 1600 kHz, an inductor and capacitor can be 
made to resonate between these frequencies. [15] 
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Figure 5: Frequency versus length of the inductor with a 470 pF capacitor and a 
coil density of 1700 turns per meter

Figure 6: Frequency versus coil density of the inductor with a length of 10 cm and 
a 470 pF capacitance
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Still, this does not explain how a crystal receiver works. What makes a 
crystal receiver unique is that there is no external power source to pow-
er it. It functions solely by picking up the radio waves that are already 
in the air. As the radio waves enter the antenna, they induce a voltage 
in the antenna and cause current to flow. As current flows, it enters the 
tuned circuit. The equation for the impedance of the circuit is:

(The derivation is shown in Appendix D.) It follows that the maximum 
impedance will occur at resonance when:

Therefore, at non-resonant frequencies the impedance of the circuit 
is less than at resonance. Now, charge can flow either to ground or 
through the diode. Since there is a much higher impedance to get to 
ground than to get through the diode, most charge will flow through 
the diode instead of to ground. However, at non-resonant frequen-
cies the exact opposite is true because the path of least impedance is 
through the ground wire. This highlights the importance of having a 
good ground. It is necessary to minimize the resistance of the ground 
in order to make sure that only certain frequencies make it through 
the diode into the headphones or else nothing will be heard: all the 
frequencies will pile up and cancel each other out.
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Figure 7: Impedance versus frequency with the values seen in Figure 3 assuming 
that the impedance of the headphones is large in comparison to the impedance of 
the antenna and diode

The diode is used as a rectifier to convert the AC current travelling 
through the circuit into DC current that the headphones can convert 
to sound. Diodes work by only allowing current flow in one direction 
(thereby cutting off half of the sinusoidal waveform seen in the cur-
rent-versus-time graph in Figure 8). For the crystal radio, a diode that 
had a small reverse bias was necessary in order to ensure that the signal 
was being rectified at a very low voltage. Therefore, a germanium diode 
was used because it has a reverse bias of only 0.15 V.
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Figure 8: Current versus time graph. The diode effectively cuts off the bottom or 
top of the waveform. [16]

When sound enters the headphones it creates an alternating magnetic 
field that pushes a plate up and down, causing pressure waves that are 
heard as the radio station picked up by the antenna. For the purposes of 
the crystal radio, high-impedance headphones are necessary in order 
for the circuit to have a sharp resonance and be able to separate closely 
spaced radio stations. A pair of C. Brande 2000 Ω high-impedance 
headphones from 1923 was used to maximize the selectivity.
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Figure 9: Power output versus frequency for the headphones using values seen in 
Figure 3 and a 300 Ω impedance for the antenna

Figure 9 requires a comment on how the antenna works. The antenna 
itself has a certain impedance. By Ohm’s law (V=IR) it can be seen 
that there is a linear relationship between voltage and resistance. This 
means that:

                          THE MENLO ROUNDTABLE           109



This calculation can be done because the antenna is in series with the 
parallel RLC circuit, implying that the potential across any one of the 
three elements is the same. Given this, the power can then be calcu-
lated across the headphones:

This highlights an interesting point. When connected to the antenna, 
the loudest station (by what the ear hears) is KNBR radio at 680 kHz. 
What can be seen in Figure 8 is that 680 kHz is near a resonant fre-
quency, meaning that for equivalently strong signals (in terms of the 
potential in the antenna), KNBR is one of the louder stations. Com-
bined with a high transmission power (50 kW) and relatively nearby 
location (Belmont, California), Figure 9 shows why KNBR is the pri-
mary station that can be heard on the radio. [17]

3.4  The Next Step

Several problems arose while building the radio, the primary one having 
to do with grounding. At home, a 20 ft piece of insulated wire served as 
the antenna with the ground being attached to a water pipe. At school, 
the antenna was a 40 ft vertical magnet wire grounded to the sink. In 
either case, the antennas were not long enough to resonate, as the AM 
wavelengths are between 615 ft and 1,970 ft. However, the antenna and 
ground system built at home received signals that could be picked up in 
the headphones while the antenna system at school did not. 
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This could be a result of a couple of things. For one thing, the antenna 
at home was stationed at over 700 ft in elevation, while the one at Men-
lo was at a significantly lower elevation. Also, the antenna at school 
was near a metal building, which might decrease the potential induced 
in the antenna. The most likely cause, however, is grounding. If there is 
not a good ground, non-resonant frequencies will not travel out of the 
circuit, as the impedance is too high. They instead travel through the 
diode, causing multiple frequencies to interfere with each other and 
nothing to be heard. The next step would be to try to connect the radio 
to a vertical antenna on the roof of Stent Hall that was used as the an-
tenna for the high-frequency transceiver used by the ham radio club.

It is also worth noting here how the radio receives multiple frequen-
cies. As shown in the graphs, at non-resonant frequencies current ei-
ther runs to ground or is rectified by the diode and goes through the 
headphones but is too faint to be picked up by the human ear. This 
could be solved either by changing the capacitance of the circuit or by 
changing the inductance of the coil. Due to the limited availability of 
large parallel plate capacitors, the coil is tuned by shorting it at various 
points along its length with a piece of 18-gauge wire attached to a steel 
triangle. Therefore, when in operation, the circuit appears differently:

Figure 10: The circuit with the tuner included
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This allows for a variable inductance, and thus varying resonant fre-
quencies, which allows for the reception of more than one radio sta-
tion. However, it does not modify any of the aforementioned theory.

There are a couple of things that still can be done with the crystal re-
ceiver. The first is to connect it to the antenna on the top of Stent Hall 
in order to see if the radio picks up any signals. Another step is to add 
an operational amplifier to the circuit (thereby inserting an internal 
power source, which makes the receiver no longer a traditional crystal 
receiver). This would allow faint signals coming through the antenna 
to be amplified, rectified, and picked up by the headphones.

4  Superheterodyne Receiver

4.1  Introduction

It is first necessary to explain what heterodyning is. When an ampli-
tude-modulated (AM) signal is transmitted, it has a certain frequency 
corresponding to the frequency of the carrier wave. (Voice frequencies 
modify the top of the waveform.)

Figure 11: Amplitude-modulated waveform [22]

This frequency is combined with a frequency produced in an oscillat-
ing circuit in the mixer, which “beats” the two frequencies together. 
Effectively, the circuit multiplies the two input voltages under the prin-
ciple that the input voltages can be described by:
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Given this, the two signals coming in can be modeled as:

Note that by multiplying the two input voltages, the outputs are the 
sum of the two input frequencies and the difference (known as beat-
ing the two frequencies together). [23] This “beating” of an incoming 
signal with a signal produced by an oscillator is what characterizes a 
superheterodyne receiver.

The idea behind a superheterodyne receiver was first hypothesized by 
Canadian Reginald Fessenden in 1900, but heterodyne reception re-
mained impractical because of the inability to produce a stable signal. 
[24] The idea was revisited in 1918 by Major Edwin Armstrong of the 
U.S. Army in France during the First World War. Armstrong came up 
with the idea of beating two frequencies together in order to overcome 
the limitations of vacuum tube triodes (an early amplification device) 
in radio direction-finding equipment. Due to stray capacitance, nega-
tive feedback in the triodes would occur as a result of unwanted reso-
nance. This meant that in order to avoid negative feedback, a hundred 
or more low-gain triodes had to be linked together in order to provide 
the necessary amount of amplification, potentially at great expense.

While watching a night bombing raid, Anderson conjectured that it 
would be possible to locate enemy aircraft based on the short waves 
emitted by the planes’ motor ignition system. The problem was that at 
the time there existed no reliable method of amplifying short waves. 
The amount of power required to support the many amplification de-
vices needed to avoid negative feedback was impractical. Anderson’s 
innovation was the idea of superheterodyning, that is, beating the 
high-frequency waves with a produced oscillation to create a lower 
frequency wave that could then be amplified. [25] 

The advantage of a superheterodyne receiver is that a single stage can 
be adjusted to track over the entire tuning range of the receiver. Also, 
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a tuned circuit is much more stable than a tuned amplifier. The latter, 
a regenerative receiver that relies on positive feedback, risks the loss 
of power and signal due to negative feedback. In music, heterodyn-
ing is the basis of the theremin, whereby a variable audio frequency is 
produced in response to the position of the musician’s hands in rela-
tion to some antenna on the instrument. (The space between the hands 
acts as the “capacitor” for the circuit.) Current research on heterodyn-
ing is exploring its possibilities as to higher frequencies, especially of 
light. This may lead to the ability to accurately measure the frequency 
of incoming light waves rather than measuring the resulting change 
in electric field. Light Detection and Ranging (LIDAR), which is like 
RADAR except at much higher frequencies, would allow for the map-
ping of non-reflective objects such as rocks at RADAR frequencies. 
This could also improve the information density of optical cables, as 
the ability to hyperdyne incoming signals would make it possible to 
amplify them. Furthermore, televisions use heterodyning in order to 
amplify incoming signals at a lower frequency so as to decrease the 
possibility of negative feedback. [26]
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4.2  Block Diagram

Figure 12: Block diagram outlining Board 1 [27]
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Figure 13: Board 2 [28]
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4.3  Theory

4.3.1  Broadcast Television and FM filters

As noted on the block diagram (Figures 12 and 13), the first stage of 
the circuit comprises the broadcast, television, and FM filters that 
block non-resonant frequencies (for each specific element) from en-
tering the circuit. Like the crystal radio, in their simplest forms the 
filters can be thought of as parallel LRC circuits in which the imped-
ance increases at non-resonant frequencies, making the path of least 
resistance to ground. 

Figure 14: Low pass filter

Figure 15: Frequency versus decibels of 32 MHz filter
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Figure 15 is a simulation showing the intensity of the current out as a 
function of frequency. Note that at around 32.4 MHz the intensity of 
the wave actually goes positive, which implies that there is more cur-
rent coming in than going out. However, at non-resonant frequencies 
the impedance is much higher, implying negative decibels.

Figure 16: Broadcast filter

4.3.2  RF Amplifier 

Figure 17: RF amplifier [29]
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As the name suggests, the RF amplifier amplifies incoming radio signals 
before they are mixed with the wave produced in the variable frequency 
oscillator. To analyze this circuit, two paths need to be examined. The 
first is the 12 V signal that makes amplification possible. To determine 
the path of the DC current, a calculation can be done to find the poten-
tial at the collector of the 2N3019 bipolar transistor (labeled V1):

Thus the potential at the collector of the transistor is 8.32 V while the 
potential at the base is 3.68 V. This calculation was done to highlight 
the collector base difference when in operation. (A minor current run-
ning through base was disregarded in this calculation, which would 
slightly change the calculation above as well.) If the input signal is too 
strong, the collector will get pulled towards ground, implying that the 
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transistor will turn off and not function. This explains the large poten-
tial difference between collector and base.

When the radio frequency enters the circuit, a small change in po-
tential creates a change in current in the base of the transistor, which 
is amplified through the emitter into the transformers. This current 
amplification is called the β of the transistor and is about 50 for the 
2N3019 at 0.1 mA. [26] Now, however, the transformers resist the 
change in electric field due to the AC current. A large potential is in-
duced, amplifying the radio frequency signal. (The 0.01 mF capacitors 
are used to keep DC current out of the rest of the circuit).

4.3.3  Bandpass Filters

Figure 18: Bandpass filters [30]
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The infrared diodes prevent the various filters from coming into con-
tact with each other in order to avoid loss of the (relatively) small sig-
nals. Each one points to a phototransistor that allows current to flow 
and turn on the relay, which act as switches turning on the respective 
filters. Although seemingly more complicated than the initial filters, 
the bandpass filters also make use of tuned LRC circuits to selectively 
pick out frequencies at 10 MHz (30 m) and 17.6 MHz (17 m). As be-
fore, non-resonant frequencies go to ground while resonant frequen-
cies go to the first mixer.

4.3.4  Variable Frequency Oscillator

Figure 19: Variable frequency oscillator

The variable frequency oscillator creates the frequency that beats with 
the radio frequency in the mixer, creating the intermediate frequency. 
The above circuit details how an oscillation is created. Once again, the 
circuit in Figure 19 is an LRC circuit that oscillates at a certain fre-
quency. In order for the wave not to dissipate, the capacitor needs to be 
charged at just the right time. The 2N5486 JFET (Junction Field Effect 
Transistor) acts as this voltage-controlled switch. As the gate is charged 
it creates a depletion zone between the source and drain, not allowing 
current to flow. This creates a 180-degree phase shift between input 
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and output as the JFET is turning on and off at the minimum or maxi-
mum of the produced wave. The JFET allows the produced potential to 
keep oscillating through the circuit without dying out.

Figure 20: Potential (V) versus time (seconds) of the gate (bottom line) and drain 
(top line) on the JFET

 

Figure 21: Circuit used in the radio [31]
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The circuit in Figure 21 details how the variable frequency oscillator 
produces two different frequencies so that the intermediate frequency 
is held constant. Each frequency is switched on by a relay (which adds 
extra capacitance) by using the same method of infrared LEDs as de-
scribed previously. This in turn selects the trimmer capacitor, which in 
turn helps set the frequency of the VFO.

4.3.5  First Mixer

Figure 22: First mixer circuit used in the receiver (grey squares represent 
non-connecting wires.) S1 = RF gate; S2 = VFO gate; S3 = drain; S4 = source

The circuit in Figure 22 represents the first mixer in which the RF and 
VFO frequencies are combined to create an intermediate frequency 
(IF). In order to analyze what occurs in the circuit, the RF and VFO 
paths need to be looked at individually. RF input occurs at the farthest 
left signal generator (the one connected to the transformer). A chang-
ing electric field induces a changing magnetic field in the first coil, 
which, by Faraday’s Law of Induction, induces a voltage in the second-
ary coil. In order to run the simulation, resistors R27 and R28 were 
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added so that a DC simulation could be run to calculate the poten-
tial between the transformer and the capacitor. (5Spice assumes that 
capacitors have infinite resistance, which makes the calculation of a 
potential between the transformer and the capacitors impossible.)

From the second coil on the transformer, the RF travels onto the first 
gate of the MPF130, which is an N-channel, depletion-mode, dual-gate 
MOSFET. S1 is the gate where the RF goes, S2 is the gate where the VFO 
(variable-frequency oscillator) frequency goes, S3 is the drain, and S4 
is the source. Besides the two gates, the MPF130 is special because it 
is a depletion-mode rather than enhancement-mode MOSFET. This 
means that the gate has to be brought negative in comparison to the 
source in order to pinch the channel from source to drain and turn the 
MOSFET off. In other words, the MOSFET is always on until the gate 
is brought negative enough with respect to the source. The resistors are 
at the gate and source of the MOSFET to ensure proper biasing. This 
can also be visually checked if the LED turns on, implying a 0.6 V drop 
across it (implying at least a 0.6 V difference between the source and 
gate). Note that the power source is on the upper right-hand side of the 
circuit and is labeled B1. 

The VFO frequency goes directly to S1, which is biased at about 0.056 
V. This is because the resistors above create a voltage divider such that 
the voltage drop across the 470 Ω resistor is equal to:

It would seem that if the MOSFET is already turned on it would be un-
necessary to bias the MOSFET. However, this is done to make sure that 
the source gate difference is well above the cutoff threshold (-4.0 V) so 
that there is no chance that the MOSFET will turn off when the VFO 
and RF pull this difference down (since both the VFO and RF signals 
are alternating current).
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Figure 23: Saturation current for various Vgate-source – Vthreshold [32] 

As the graph in Figure 23 shows, there is a certain drain cutoff current 
regardless of what the drain voltage is. The difference can be calculated 
if a certain source current is assumed, typically 10 mA according to the 
datasheet. [33] Therefore:
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As the graph shows, at 2.056 V (about 2 V), there is some maximum 
drain-source current that cannot be increased regardless of the potential 
applied to the drain, which is proportional to (Vgate-source - Vthreshold )2. As 
Vgate-source (which is the operating point of the gate and source before 
the RF and VFO signals are applied) has two components (RF and 
VFO input), it can be modeled as the sum of two varying voltages, 
which can be described by two sine wave functions. Due to the non-
linearity of the cutoff voltage, these two frequencies are multiplied 
together, which is the mixing process described earlier. (The proof is 
provided in Appendix B.)

 
 
Figure 24: Voltage (V) versus time (nanoseconds) of only the 10.697 MHz  
VFO frequency going through the first mixer. Straight lines: RV Waveform  
and OutputWaveform; curve: VFO Waveform

126                 Ben Godfrey



Figure 25: Voltage (V) versus time (nanoseconds) of only the 7.150 MHz RF fre-
quency going through the first mixer. Large curve: RF Waveform; straight line:
VFO Waveform; small curve: Output Waveform.

What is interesting about Figures 23 and 24 is that when only the VFO 
frequency passes through the circuit, the output voltage is (about) zero. 
However, when only the RF frequency passes through the circuit there 
is a waveform that is phase shifted by 90 degrees. (Note that the resis-
tors R29, R30, and R31 were added so that it was possible to read a DC 
voltage between the two outputs of the circuit and the capacitors).

For either signal, the varying voltage at the gate pinches and expands 
the channel from source to drain, allowing more or less drain-source 
current (as Figure 25 describes). In the case of the VFO input, how-
ever, when this current gets to the second transformer, the alternating 
current creates a changing magnetic field that is opposite the changing 
magnetic field induced in the second coil, so the signal is cancelled 
out. For the RF input, the opposite is true because, going from the first 
transformer, the RF input from both ends of the transformer is phase 
shifted by 90 degrees. In other words, if the voltage at one end of the 
transformer is raised, then the voltage at the other end decreases since 
there is only a certain voltage induced in the transformer. Therefore, 
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since the RF signal is phase shifted by 90 degrees, when it comes to the 
second transformer the magnetic fields are now in the same direction 
so the signal does not cancel itself out. The phase shift of the output sig-
nal is a result of the transformer coils. For AC, the coils have a certain 
impedance (resistance to the change in current). As there is a greater 
change in current, there is a greater impedance, which means a greater 
voltage drop across the coil. Therefore, the output waveform is phase 
shifted 90 degrees from the input. This means that an output signal will 
only be generated when one gate is being pulled down (S1) while the 
same gate on the other MOSFET is being pulled up with respect to the 
source. This is most likely done to avoid possible oscillations that could 
occur due to constructive interference of the two signals.

Figure 26: Voltage versus time of the 10.697 MHz VFO and 7.150 MHz RF 
frequencies mixed together

Figure 26 details the output voltage versus time when the VFO and 
RF are mixed together. In order to see the individual frequencies, a 
Fourier-transform has to be done.
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Figure 27: Fourier-transformation of the data in Figure 26

The peaks are at around 3.55, 7.407, 10.67, 14.31, 17.83, and 21.01 
MHz. These correspond to the VFO–RF, RF, VFO, 2*RF, VFO+RF, and 
2*VFO frequencies respectively. Herein lies the proof of the mixing 
process, in which the sum and the difference of the two input frequen-
cies are produced along with the original two signals and the first har-
monic of the two (which is a result of a series expansion of the sinusoi-
dal input frequencies). [34] 
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4.3.6  First Intermediate Frequency (IF) Amplifier

Figure 28: First mixer and IF amplifier as they appear in the radio

As can be seen in Figure 28, the first mixer is connected directly to the 
first IF amplifier. Note that it is very similar to the mixer except that the 
second gates are held at a constant 6 V (voltage divider between R21 
and R23). This effectively assures that the gate source voltage will never 
drop below –4.4 V. Also, it allows for the IF to swing 6 V, which would 
be a very large IF frequency. In any case, the amplifier works in a simi-
lar manner to the RF amplifier, in which a varying base voltage pinch-
es off and expands the channel from source to drain in the MOSFET, 
thereby modifying the source-drain current with a small gate voltage 
(which is solely due to the IF at G1). Also, the same transformer idea 
applies in which the IF input into the gates have to be phase shifted by 
90 degrees from each other or else the flux through the first primary 
coil in the transformer cancels out the flux through the second pri- 
mary coil. Once again, this is probably being done to ensure that there 
is no chance of oscillations if the circuit were to hit a resonant frequen-
cy and rob energy from the IF. Therefore, in order for the amplifier to 
work, one gate has to be brought down while the other is brought up 
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with respect to the source. The change in flux induces a voltage in the 
secondary coil, which also reestablishes a single wire input. 

4.3.7  Crystal Filters

Figure 29: The crystal filters

Figure 29 details the crystal filters used to pick out the IF frequency (the 
difference of the VFO and RF frequencies). Looking at the above posi-
tion of the switch, there are 12 V at the gate of the leftmost VN0106 (an 
N-channel enhancement-mode MOSFET). [35] As the gate threshold 
voltage is at a maximum of 2.4 V the MOSFET is turned on allowing 
current to flow from drain to source. [36] Since the source is at 0 V, the 
drain is also at 0 V, which makes the gate of the rightmost MOSFET at 
0 V, meaning that it is off. Since the left hand side of DS13 (an LED) is 
at a lower potential than the right side, and the right side of the infra-
red LED (IRLED) is at a lower potential than the left side, both turn on. 
However, since there is no voltage drop across the diodes on the lower 
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half, neither of the diodes turns on. Therefore, the IF frequency travels 
through the 3.547 MHz crystals, which resonate only at 3.547 MHz, 
filtering out the other frequencies.

If the switch is turned on, the voltage at the gate of the leftmost MOS-
FET is now 0 V while the gate of the rightmost MOSFET is now 12 V 
(note the 12 V by C67). Therefore, the leftmost MOSFET is turned off 
while the rightmost is turned on. In the circuit, the two circled “Gs” 
are connected. Therefore, between the bottommost LED and infrared 
LED there is some potential with no voltage on either side of the LEDs 
meaning that they are turned on. However, the upper half has 12 V 
on both sides of both diodes (and therefore no potential drop), which 
means that they do not turn on. Thus there is no path for the IF to travel 
on the top half of the circuit. On the bottom half, the IF travels through 
the crystals, which filter out all but 4.000 MHz. Note that the bottom 
infrared LED is used to shine onto an infrared phototransistor that sets 
the oscillating frequency on the variable frequency oscillator stage.

Figure 30: The crystal oscillator and amplifier [37]
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Figure 30 details the crystal oscillator that creates the second frequency 
to beat with the IF in the second mixer. In the crystal filters, if the 3.547 
MHz stage is turned on, no light shines on the BPX38 phototransistor 
(Q1), implying that it is off. As such, there is no voltage at the gate of the 
IRFU220, which is an N-channel, enhancement-mode MOSFET [38]. 
Since there is no gate current, the potential at the gate is 0 V. Looking at 
R3, we see there are 12 V across the LED, which is connected directly 
to the gate of the other MOSFET (Q3). This turns Q3 on, which means 
that 12 V is applied to the diode through R1, turning DS1 on. However, 
there is no potential difference across DS2, so it remains off. 

If the 4.000 MHz stage of the crystal filter is turned on, it turns on Q1, 
which in turn means that there is 12 V at the gate of Q2, meaning that 
it is on. Since the source of Q2 is grounded, the ground of Q3 is at the 
same potential (0 V), turning it off. This means that there is no voltage 
drop across R1, which means that DS1 is off. However, since there is 
now a 12 V drop across DS2, it now turns on. As a voltage is passed 
through the crystal, it resonates at a certain frequency, which is applied 
to the gate of the 2N5484 JFET. This gate voltage modulates the cur-
rent going from drain to source, which can now travel back to the gate 
of the JFET. This positive feedback modulates the current even more 
until the gate source power voltage difference is too small (hits the 
limits of the power supply) and the JFET turns off, allowing the signal 
to travel through to the output. 
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4.3.8  Second Mixer

Figure 31: The second mixer

The second mixer is equivalent to the first mixer except for the inputs. 
The RF input (at TPV1) is the IF frequency from the first mixer, and 
the VFO frequency is the frequency from the crystal oscillator.

Figure 32: Voltage (V) versus time (microseconds) for the output from the second mixer



Figure 33: Fourier transform of the waveform in Figure 32

The first spike is at around 462 kHz and the third major spike is at 
around 756 kHz, which represent the difference and sum, respectively. 
Once again, the relevant IF frequency is the difference spike. The rea-
soning behind having a two-conversion (two IF stages) rather than a 
single-conversion (single IF stage) superheterodyne receiver is to ward 
off against possible feedback. The original RF frequency is much less 
than a volt, so it needs to undergo two or three orders of magnitude 
of gain to be audible. If this were done in a single stage, there would 
be great problems with feedback because any stray signal would get 
amplified by three or more orders of magnitude. Amplifying in stages 
makes this less of a problem because the gain at any one stage is a 
single order of magnitude rather than three or more.

4.3.9  Automatic Gain Control (AGC)

The AGC is tied up into the IF amplifier, so it is necessary to under-
stand how the AGC works before understanding the IF amplifier.
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Figure 34: AGC circuit [39]

The AGC uses the same MPF131 dual-gate depletion-mode MOSFETs 
as used in the first and second mixers (at Q15), meaning that, in order 
to turn off, one gate has to be brought negative with respect to the 
source. The drain is held at 12 V since the transformer is effectively a 
wire for DC, and G2 is held at 6 V due to the voltage divider set up be-
tween R54 and R53. It is not clear why a dual-gate MOSFET was need-
ed in this situation, as a single-gate FET would seem to work equally 
well since one gate (G2) is held constant the entire time.

In any case, if there is IF, then G1 of the MPF131 is at some voltage, 
which causes drain-source current to flow just as in the amplifiers de-
scribed earlier, where a small change in base voltage causes a drain-
source current. This AC current goes to the transformer where it is 
stepped up to go through the AGC detector. 

The 1N270 diode (D1) cuts off half of the waveform (and R47 and 
C79 help cut out high frequencies), which is applied to the base of the 
2N3904 NPN transistor [40]. In order to turn on, the 2N3904 transis-
tor needs to be properly biased, so the drain needs to be at least 0.6 
V above the source (0 V) in order to turn on. Since the voltage drop 
across the germanium 1N270 diode is about 0.3 V, the signal coming 
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through the transformer has to be at least 0.9 V. [41] If this is the case, 
current flows from the collector to the emitter. (Note that the collector 
is around 6 V due to R50 and R49.) This is turn pulls the voltage across 
R50 down, which could turn off the transistor if pulled low enough, as 
there is no longer a 0.3 V drop across the diode. Note that the AGC is 
connected to the IF stage and will be used in the next section.

Figure 35, below, details the mute circuit, which is included if a trans-
mitter is connected to the receiver. In order to transmit without hear-
ing what is being transmitted back in the receiver, the transistor is 
turned on, which makes the voltage at the AGC on the AGC Detector 
0 V. It also turns off the entire IF strip.

4.3.10  Intermediate Frequency (IF) Strip

Figure 35: IF strip [42]

Figure 35 details the IF strip, which is a near duplicate of the AGC 
Amplifier. However, if the AGC voltage is 0 V, then the source is biased 
enough to either turn off or severely diminish the drain-source volt-
age, thereby minimizing the gain. This is done so as to keep excessively 
large signals coming through and pulling too much drain-source cur-
rent, thereby clipping the incoming signal. Also, the IF stage is repli-
cated twice to maximize the gain without pulling too much current.
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4.3.11  Beat Frequency Oscillator (BFO) and Amplifier

Figure 36: Beat frequency oscillator and amplifier [43]

In order to get voice from the IF, it needs to be brought down from the 
455 kHz IF. The first stage of this is done in the beat frequency oscil-
lator, which creates a 455 kHz signal to beat with the IF, much as the 
variable frequency oscillator did. 

The 50A03 (T12) is called an IF can. It is effectively a tuned circuit that 
resonates at a certain frequency, in this case 455 kHz. [44] The oscillator, 
like the variable frequency oscillator, utilizes positive feedback. A small 
potential induced in the IF can creates a small change in current (and 
thus a potential at the gate of the 2N5486) that pulls some drain-source 
current. This source current ends up back at the IF can, which resonates 
at 455 kHz and induces a greater voltage at the gate, pulling more drain-
source current at the resonant frequency. This continues until no more 
current can be pulled through and the oscillator hits the rails.

Current then travels through to the same oscillator. The only difference 
in this scenario is that there is a gain-adjust potentiometer that limits 
the gate-source current. This is done to limit the BFO signal to prevent 
possible clipping in later stages.
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4.3.12  Product Detector

  
Figure 37: Product detector

Like the mixers, the product detector beats two frequencies together 
in order to produce an audible frequency. It effectively removes the 
455 kHz carrier. As shown in Figure 37, the first voltage source is the 
waveform produced in the BFO while the second voltage source is the 
IF after it has gone through a 455 kHz filter with about a 6 kHz band-
width. [47] The BFO frequency and the IF go through the transformer 
where they are added together. However, since the signals are not quite 
the same frequency, they destructively or constructively interfere with 
one another at different spots along the waveform.
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Figure 38: Waveform when the BFO and IF are 5 kHz apart

As this waveform comes to the diode, it is rectified due to the reverse 
bias of the diode, cutting off half the waveform.

Figure 39: Rectified waveform
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After passing through the diode, the signal comes to a parallel RC 
circuit whose time constant is much more than the period of the IF 
(1.5x10-4 s versus 2.20x10-6 s). This means that the parallel RC circuit 
acts as an integrator (as defined in Appendix C), meaning that the 
voltage on the capacitor is proportional to the integral of the voltage 
applied to it during some time period. In other words, as the voltage 
of the waveform increases, it charges up a capacitor. As the voltage 
decreases, the capacitor discharges through the resistor and the diode. 
Therefore, the 455 kHz carrier frequency is ‘integrated out’ while the 
modulation (peaks and valleys) remains. This modulation is the audio 
on the original RF waveform.

Figure 40: Output voltage when the BFO and IF frequencies are 1 kHz apart
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4.3.13  Audio Amplifiers

Figure 41: Pre-audio and audio amplifiers

Now that the carrier has been removed, the next step is to amplify the 
audio. The first step is the pre-audio amplifier. This amplifier is similar 
to the previous amplifiers in which a small base current causes a large 
emitter-base current. What can be noticed about the amplifier is that 
Q19 is actually biased at about 1.08 V due to the voltage divider be-
tween R62 and R63. This is done to assure that there is current flow for 
small changes in base voltage. In any case, a small change in base cur-
rent causes a large change in collector-emitter current, and the change 
in the current of the audio waveform is mirrored in a change in the 
collector-emitter current. 

The gain of the circuit is calculated in an interesting way. Since the base 
is effectively tied to the emitter, a change in base voltage is mirrored by 
an equivalent change in emitter voltage, so that:

The resulting change in current is equal to:
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This change in emitter current is mirrored by a change in collector 
current equal to:

The sign is negative because with a fixed power supply, if more cur-
rent is getting pulled through the base, less current is getting pulled 
through the collector. In any case, the change in current in the base is 
equal to the negative change in current in the base, meaning:

                                                                                          [48]

Therefore, the gain of the amplifier is equal to:

In other words, the gain of the amplifier is 10, phase shifted by 180 
degrees. Note that R62 was ignored because it applies to both the base 
and the collector, and so cancels out of the equation. Also, R71 is not 
part of the circuit as put on the board.

The 2.2 µF gain adjust works by changing the RC time constant of the 
parallel RC circuit, increasing the impedance for different frequency 
signals. That is, as long as the value of the capacitor is not zero, there is 
some added emitter impedance, implying a smaller gain.

Finally, the audio goes to the audio amplifier, which is an op-amp  
biased to filter out high-frequency signals (the various RC circuits). The 
audio amplifier drives a speaker or headphones to produce a sound.
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5  Final Thoughts

Surprisingly, the receiver operates correctly, but a few comments are 
worth making in closing. An LED frequency display and a frequency 
stabilizer were added to the above circuit, which came as extras with the 
receiver kit itself. The frequency display shows the VFO frequency added 
to the first mixer frequency to display the RF frequency being let in. As 
a result of thermal inconsistencies and stray capacitance, the VFO can 
stray from its original position after prolonged operation of the receiver. 
As a result, the stabilizer is included to keep the VFO from straying.

Also, some debugging was required to make the receiver operational. At 
first this debugging consisted mostly of getting the LED frequency dis-
play to work by removing traces left by poor soldering and unsoldering.

Once the LED frequency display was operational, the next step was to 
apply power and see which LEDs were turned off. (The LEDs proved 
extremely helpful in the debugging process.) When first powered up, 
no LEDs turned on, due to incorrect soldering of the input power to 
ground and the ground to the input power. Many of the connections 
between boards (for example, from the crystal filters on Board 1 to the 
second mixer on Board 2) were connected using mini Teflon coaxial 
cable. Unfortunately, due to separating too little of the braid from the 
central core, it ended up shorting together, which necessitated cover-
ing it with insulation from some low-gauge insulated wire.

The next problem arose from a hairline crack along the trace next to 
the pre-audio amplifier. Not only was there no sound coming through, 
but the pre-audio transistor appeared to be biased correctly when the 
op-amp had one pin correctly biased but the other pin was held at zero. 
This was fixed by creating a solder bridge across the trace.

Other problems included an incorrectly placed 7805 voltage regulator 
next to the VFO amplifier, which became apparent when the LED not 
only failed to turn on but began to heat up and smell. It was indeed 
blown out, but a new Radio Shack part filled in well. Also, an FET 
on the second mixer was acting strangely, as indicated by an LED not 
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lighting up. It was later found out that the source-drain resistance in 
the working one was around 200 Ω but infinite in the non-working 
one. Finally, the BFO filter potentiometer was not soldered correctly 
to the board, preventing any audio signal until it was shifted back and 
forth some to create a better connection.

The next step will be to actually make modifications to the original 
design. A couple of modifications have already been done as relate to 
the frequency range. Originally, the receiver had a bandwidth of about 
150 kHz, which was not enough (especially on the 40 m band) to re-
ceive voice. As suggested by Mr. White, increasing the tuning range 
required adding another section on the main tuning capacitor, which 
was done by adding a jumper between two sections. Also, a capacitor 
was changed near the VFO to increase the capacitance enough to get 
a wider bandwidth. This unfortunately raises the capacitance, imply-
ing that everything is shifted down: RC has gone up, meaning that the 
frequency has gone down. The next step is to bring the receiver up by 
200 kHz, which involves removing capacitance.

The second modification was to increase the bandwidth of the radio to 
receive single side band (voice). The receiver was designed for receiv-
ing Morse code (CW). As such, the crystal filters filter out much of the 
voice signal, leaving the remainder distorted. Increasing the capaci-
tance lowers the “q” of the circuit and increases the bandwidth. [49]

At present the receiver receives Morse code very well. However, the 
lack of a proper antenna has caused some signals to be lost. When that 
is hooked up, it will probably be able to receive for hundreds of miles.

6  Conclusion

Overall, I have learned an immense amount about not only radio op-
eration but the basics of circuit design. It is astonishing how a simple 
tuned circuit can transform itself into such an amazing piece of equip-
ment as the electroluminescent receiver. It took much more time than 
I had originally envisioned, but it was an incredible pleasure when ev-
erything finally came together.
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7  Appendices

7.1  Appendix A: Parts List

Part Description What needed for Cost($) Location
470 pF capacitor tuned circuit crystal radio 0.20 HSC Electronics
220 pF capacitor tuned circuit crystal radio 0.20 HSC Electronics
100 pF capacitor tuned circuit crystal radio 0.20 HSC Electronics
PVC Pipe inductor crystal radio 0.00 Dr. Dann
Sheet-rock Screws crystal radio 0.00 Dr. Dann
PVC Pipe inductor crystal radio 0.00 Dr. Dann
27 gauge wire inductor and circuit 

crystal radio
0.00 Dr. Dann

18 gauge wire antenna, ground, 
and tuner

0.00 Dr. Dann

Insulated wire circuit crystal radio 0.00 Dr. Dann
Slimfast can tuner crystal radio 0.00 Dr. Dann
Wood radio base and tuner base 0.00 Dr. Dann
Electroluminescent 
Receiver

Superheterodyne 
receiver kit

170.00 + 
shipping

Amateurradio
receivers.net

                                                           TOTAL COST  =  170.60 + shipping 
 

7.2  Appendix B: Proof of the Mixing Process
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7.3  Appendix C: Proof of an Integrator Circuit

Figure 42: Parallel RC circuit
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7.4  Appendix D: Solution to the Differential Equation for Impedance 
in the Circuit
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7.5  Appendix F: Mathcad calculations

The Mathcad documents used to do the calculations are available  
online at http://roundtable.menloschool.org.
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