Analog Electric Guitar Distortion Effects

and Headphone Amplification

by

Michael Alexander Jenkins

Senior Project

ELECTRICAL ENGINEERING DEPARTMENT
California Polytechnic State University

San Luis Obispo, CA

June 2010

© 2010 Michael Alexander Jenkins



Abstract

Analog Electric Guitar Distortion Effects and Headphone Amplification

The goal of this project was to create an electronic system which teteg@pular audio
processing effects as well as headphone amplification circuitry faxitls@n electric guitar. By
implementing a system which fits natively inside the body of an electtiargthie need for
numerous external accessories relating to a standalone amplifien systéminated, improving

device versatility and portability.
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|. Introduction

Playing the electric guitar can often be a burdensome process due to the @mount
accessories and equipment required to actually play. Besides the galtaait amplifier is
required to boost the audio signal to necessary levels to drive a speaker, aawwelichscable
to connect the guitar to the amplifier. In order to diversify the sound output of the glatyers
often rely on numerous standalone effects pedals such Eb<®R®istortion Plus or theLine 6
Ligua-Flange which perform analog or digital signal processing techniques to manipulate the
audio signals before they are sent to the amplifigtrese effects pedals also require numerous
patch cables as well as individual power supplies to function. Maintaining alsadghipment
can prove difficult in situations where space is limited and portability issae.ig he goal of this
project is to create an electronic system which integrates popular audiosprgadtects as well
as headphone amplification circuitry which will fit natively inside the body ofextrec guitar,

eliminating the need for numerous external accessories.

Enabling the electric guitar for standalone use with a pair of headphonesuate
numerous options for playability. An external amplifier is no longer required tesbaad from
the guitar, and the ability to practice at a personal volume is simplifidd miintaining the
functionality of effects processing units. Having onboard audio circuitry alsmias
portability, allowing one to travel and play with an electric guitar withh@awing to bring several

accessories besides a pair of headphones.



|I. Background

An electric guitar produces sound through the use of one or more electromagnetic
pickups. When the strings of a guitar vibrate near the pickup, small changes irgtretionteld
of the pickup coil create an oscillating sigh@ue to the high output impedance of these pickup
coils, the power of the output signal is too low to drive a low impedance speakerair pair

headphones and must be amplified in order to do so.

Since the electric guitar became a popular instrument in the 1950’s, playetsekave
seeking methods of altering their tone in order to add variety and diversify thesrfseineother
players. Electronic effects processing units including phasers, delaysjeaaddwes are often
used to help achieve this diversit@ne of the most common effects currently used is referred to

as distortion, which adds a crunchy tone to a clean guitar signal.

Through the use of active electronic components such as operational amplifiers, the
guitar signal can be amplified as well as manipulated to apply these popgukdredfects and to
drive a speaker load such as a pair of headphones. A high input impedance operapidiel am
solves the problem of impedance matching to achieve near maximum power tramsferefr
guitar source to the speaker load. A desired range of frequencies withimdibée range of
20Hz-25,000Hz can be emphasized through the implementation of filtering techniques, while

dampening unwanted frequencies such as RF interference and noise.



I11. Requirements

The system must perform two main functions: apply a distortion audio effect, and

amplify the guitar signal to provide enough power to drive a pair of headphones. Titteycirc

should also allow for true bypass functionality, allowing multiple modes of operatED’s

will be used to indicate the status of each mode. A control will also be present tdlealjust

amount of distortion applied to the guitar signal. The guitar has a volume control psesent

second will not be needed for headphone use. The system should contain a low part count due to

space constraints in the body of an electric guitar. The entire circuiddh@plowered by a

single 9V battery to minimize space consumption.

Summarized FeatureList

Distortion Audio Effect

Headphone Amplification

Bypass Functionality (Allowing use with headphones or guitar amplifier)
Gain Control

LED Status Indication

Single 9V Battery Powered

Small Form Factor for Electric Guitar



Two main stages of circuitry will be used to perform the functions of distortion and headphone

amplification:

Distortion Stage: Processes the signal from the output of an electric guitar and applids signa
processing techniques to implement distortion. This stage will have bypas®nality so that it
can be turned on or off as well as variable gain control for sound variety. An ilEfisplay

the on/bypass state of this stage.

Headphone Amplification Stage: Provides an amplification stage to the output signal of the
Distortion Stage or to the clean signal from the guitar. This amplificatage still be designed
so that headphones can be used directly with a guitar without the need of a standplifiee am
system. It will also have bypass functionality so that the guitar can demitbea standalone
amplifier. Volume control will be provided by the native volume control of the gditas stage

will provide output from the guitar. An LED will display the on/bypass state sfstiaige.

10



System Block Diagram

The system block diagram is visualized in FiguslLinput controls are present as well as oulLED

indicators. Dotted lines represent alternate sigatils when switches are set to bypass r

Gain Control
.

Bypass i
o e L
SwWitch v
Guitar Sional —~ Digtortion Guitar Sional
T AEERRRE RS i 1 - AR E RS ~ et g S i o>
Tomomsod N/ T OO VS -
LII!JUL T 1s/11vuL \/ll\./bll!.l'y
i
1
i
i

Figure 1: System Block Diagram

M odes of Operation

The system will maintain four separate modes ofafpen, allowing use witlheadphones ¢
well as with an external guitar amplifier. This Mallow the use of thnew integrated distortio
effect while listening through headphones or whllegged into a standalone amplifier. If
effects or amplification are desired, true bys mode allows the clean signal to be output ae
electronics were installed. The modes of operadi@nas follows

e Distortion Only

e Headphone Amplification On

e Distortion and Headphone Amplificati

e True Signal Bypass

11



V. Design

The system design is divided into individual functional blocks, eachitgittwn duty. The four main

blocks of the system are:

Distortion Effect Circuitry

Headphone Amplification Circuitry

Power Supply and LED Status Circuitry

Switching Mechanism Hardware
Preliminary Design Review

A preliminary design was first performed to create an overview of holwvfeactional block is
implemented and how each interface with one another. System spexiBaate characterized and basic
design principles are explained. Further design procedures are disoussegritical Design Review

section.

Guitar Signal Characterization

Before the design process began, the electric guitar signal wastehiaeal to determine the
electrical properties of the waveform. An Ibanez GSAG0 electriaigwias used for this process

as seen in Figure 2.

12



Figure 2: Ibanez GSAG0 Electric Guitar

Using an Agilent 54622A 100Mhz Oscilloscope, the output waveform of the electric\gaga

captured and analyzed as seen in Figure 3.

: - Agilent Technologies

Ampl{1J: 151.1mV Freq(l): 140.4H= AMS(1): 43.81mY
40 Select: Measure Clear Settings Thresholds
BMS BMS Meas i e

Figure 3: Electric Guitar Output Voltage Waveform

The signal comprised of a wide range of frequencies. While casually stngtime waveform
reached voltage levels near 50mV RMS, or 100-150mVpp. Strumming harder producedl a signa

with a slightly higher amplitude, while strumming softer reduced the amplutiidhe signal.

13



Headphone Char acterization

A pair of Koss UR-15C headphones were used to determine the signal requiremesganydo
drive the speakers to audible sound volumes as seen in Fijiiteedatasheet characteristics

are shown in Table 1:

Figure 4: Koss UR-15C Headphones

Frequency Response 25-15,000 Hz
Impedance 32 ohms

Sensitivity 92 dB SPL/ImW
Distortion < 0.3%

Cord Straight, Dual Entry, 8ft

Table 1: Koss UR-15C Headphone Specifications

Using an Agilent 34401A Multimeter, the impedance of the two headphone speakersl@h paral
was measured to be ®@8Based on this data, the signal needed to drive the headphones to a

comfortable loudness near 60 dB SPL was calculated based on the given sehsitivity.

14



P = ? [8]
VZ

V = 0.11Vp = 0.078V RMS

The headphones were then connected to a Line 6 Spider Jam 75W guitar amplifiéy tbever
required signal levels for driving the headphones. At comfortable listening @pthenoutput
voltage was measured to be 0.056V RMS, in accordance with the calculated valwealfalgie
level is also similar to that measured from the direct output of the guiveas verified that the
guitar produces a large enough voltage output signal, but due to its high output impedance is
unable to drive a pair of low impedance headphones due to the inherent impedancehmismatc
and power loss, therefore requiring active electronics and maximum pawsfetrto achieve

this performance.

Distortion Effect Circuitry Design

Preliminary design of the distortion circuitry began with the principle afguslipping diodes to
add imperfections to the signal. By trimming the peaks and troughs of the audgevolta
waveform, odd order harmonics are introduced into the response, creating adjistoctunchy
tone? While this behavior is often undesired in fields such as power electronicéeds ef

produces a desired sound for this application.

15



To reach the turn-on voltage of most silicon diodes, near 0.7V, an operational amplifiesedas
in a non-inverting configuration to provide voltage amplification to the guitar sihedugh

the resistor pair R1 and R2, the voltage gain can be calculated through:
Vout = Vin(1 +=) [10]

By using a potentiometer for R2, the gain can be adjusted as desired to reach uprto and fa
beyond the forward voltage required by the diode. This change in amplificatiorsatjudtich

point the signal will begin to clip, altering the resultant sound.

The Texas Instruments TLO71 JFET-Input Operational Amplifier was chosémnd@pplication
due to its high input impedance, low noise, and low voltage source requirements. With a high
slew rate of 13 V/us, the output signal is well capable of maintaining pen@ewithin the
audible frequency range. Two locations in the circuit for the diode arramjenvere

investigated:

16



Hard Clipping Configuration

By placing shunt diodes to ground at the output of an op-amp such as those in Figur 5, “ha

clipping” of the voltage waveform occuts.

R2

R1

Aty
A N\ Clippine Diodes
- Opfimp ’

.

1

Woltage Source

Figure 5: Hard Clipping Diode Configuration

When the voltage peak level exceeds the forward voltage sagiaifi of the diodes, the remaining peak
signal shorts to ground, forcing an abrupt clip of the signal as can be segari6-iAdjusting this
clipping level can be achieved by implementing diodes with various forvedtiatye characteristics and

voltage drops or by placing more than one diode in series, resulting ing/amytiput tones.

Hard Clipping Distortion

Diode Turn-On Voltage

3
2 /
1
0

Signal Voltage Level

Time

Figure 6: Hard Clipping Distortion Waveform
17



Soft Clipping Configuration

Distortion can also be produced by placing diodes in the op-amp negafilbadi loop as seen in Figure
7. This arrangement creates a tone similar to that of a tube aatpificystem and is therefore often

referred to as overdrivé.

Clipping Dindes

I
M

+

Woltage Source

Figure 7: Soft Clipping Diode Configuration

This layout results in a voltage waveform with softer edges as can be séegurénd= The
rounding of the voltage waveform occurs when the amplified feedback signatiexbe diode

forward turn on voltage and bypasses resistor R2, resulting in gain limiting.

18



Soft Clipping Distortion

Soft Clip Rounding

2_
15 - /

Signal Voltage L evel
o

Time

Figure 8: Soft Clipping Distortion Waveform

Due to the high gain required by the circuit to created distorted tones, RFentedand noise
in the system is likely to be amplified as well. To prevent undesired inaudiglesfreies in the
range of 20Hz-25,000Hz from being amplified, | chose to implement low pass anubsgRC

filters.

Headphone Amplification Circuitry Design

The output voltage of the electric guitar during casual playing was neelatsube nearly 0.050V
RMS, while the voltage required to drive the headphones at a comfortable lisexingas
measured to be similarly 0.056V RMS. For maximum power transfer of the sigmelife

guitar with a high output impedance, a high input impedance operational amplifesrded

with minimal gain requirements.

19



A National Semiconductor LM386 Low Voltage Audio Power Amplifier was chdsethis
application as it is capable of providing enough power to drive a low impedancersjéake
LM386 provides a voltage gain of 20 in standard configuration without external components and

has low source voltage requirements making it well suited for battery powerechippsic

The headphone amplifier stage must work in modes of operation with or without theatfistort
stage preceding it, so filters must be included in this stage as well tenedwdible frequency

levels and limit high frequency RF noise.

Power Supply and LED Status Circuitry Design

A single 9V alkaline battery is used as the voltage source to power thesgatem. The TLO71
op-amp has positive and negative voltage source rails, requiring polar sources.ykeenat
biasing techniques to offset the input voltage so that the guitar signal isimeadritatween the
0V and 9V rails without clipping. An LED indicator and current limiting resisterti&d to the

same power rail as the TLO71 positive source rail so that each is powered whed.enabl

The LM386 amplifier has a single voltage source rail as well as a ground conn@&tiis rail is
connected to the +9V battery. By design, the output of the amplifier is DC offsetflof the
supply voltage, requiring AC coupling techniques for use with a speaker configufatibiED

indicator and current limiting resistor are tied to the voltage source rail.

20



Switching M echanism Hardwar e Design

The system maintairfsur separate modes of operation, allowing use hatadphones as well
with an external guitar amplifie To implement these different modéslevised switching

mechanism utilizing two threpele double-throw (3PDT) switches seen in Figure.

Figure9: 3PDT Switch Architecture

When a stage is enablete battery connecto the corresponding circuit and LED indicai
When a stage is disabldtie batter is disconnected from the corresponding stage tsarwe

powerconsumption, prolonging battery li
Critical Design Review

The critical design was performed once al aspects of the systenere analyzed arbroken
into functional blocksl found that n iterative approach was necessdug to the nature of tt

audio application and the importance of feedb

21



Initial Distortion Effect Circuitry Design

Critical design of the distortion effect began with a basic design and sonuiatdetermine if

the proposed distortion producing method would produce similar results to the desired sound. |
utilized a non-inverting voltage amplifier configuration with a gain of appnately 20 and hard
clipping diodes as can be seen in Figure 10. OrCad Capture 16.0 was then used to kanulate t

frequency response of the basic circuit. | applied a 100mV voltage sighaki@igetine input

and a 1k load to measure voltage at the output.

R2 100k

R1 47x 4Tu C2

— 2
[ 100u C2
= I _ _ R_Load
0D .uct R 1
I - 3
V_Guitar ' ] D1
R3 [lopoooo U2 L
VOFF =0 D1M4148 DIN4148 _ |
WAMPL = 1 =
FREQ = 1k R4 RE 0
L
M .
m A~ \_Battery

Figure 10: Initial Distortion Effect Circuit in Hard Clipping Configur ation

Voltage waveforms can be seen at the input of the circuit (Greepytaitthe amplifier (Red), and

output of the clipping diodes (Purple) in Figure 11. The effect of diade clipping is prevalent.

22



—— N\ 4.5V DC Offset — "\
sovy - L 1 / — -
MY 4 A4 V4 \
4 A\ V4 \ p
\ V4 AN V4
N\ I N ]
4.UV Se—— v e J
3.0V
2.0V A TI T XET TTaed 1 n Do o
AMPLHTICA Vulpul wdavelorm L1ard UHpped redks
' yd
V4 y
1.0V |2 Tt Wavefnmm | 3
7 ~ ywaveio 7 ~
/ x / / i
/ \ ./ / \
ov T — 7 AN 7
\ / \ /
\, ] \, ]
. /7 N\ /
10V ! ! I ! . . ! .
YT 0s 0.lms 02ms 0.3ms..04ms 0.5ms 0.6ms 0.7ms 08ms 09ms 1.0ms L.Ims 12ms 13ms l4ms 1.5Sms 1.6ms 1.7ms 1.8ms 1.9ms2.0ms
V(RZ:2, V(V_Guitar:+) Time

Figure 11: Simulated Hard Clipping Distortion Circuit Voltage Wavefor ms

The results of the simulation weredesired, so a basic prototype was constructed breadboa to

determine if the design would function propel used the guitar for the input apthced . 10kQ voltage

divider potentiometer at the output to decreas waveform to appropriate 100m¥vels. The outpt

was connected to a standadoguitar amplifier and casually played. A distdrésd crunchy sound simil

to what was desired was heard, confirming the bdessign would be feasible, furtherdesign continued

to refine the sound.

23



The soft clipping technique was then simulated in a similar ciasutan be seen in Figure 12.

D2
-]
-1
D1N4148
(s3]
— k4
D1N4148
RZ 100k
A,
0
R1 47k 47u C2
I 2
A I 100u C3
= I
0 1u C1 ' F_Load
11 - 3
V_Guitar H
R2 Ho00000 1%
VOFF=0 =
VAMPL = 1 0
FREQ =1k R4 RE
Y
10k 10k Al :—EE‘“EW

Figure 12: Initial Distortion Effect Circuit in Soft Clipping Configuration

The input voltage waveform (Green) and amplified output voltage waveRurplé) are displayed in

Figure 13. Noticeable rounding of the output voltage peaks is presempkfying the soft clipping, or

overdrive technique.
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A00mYV N 7 N yd
-400mv N V4 N V4
SN = S =
—— S —
Bo0mY
0s 0ims 02ms 0.3ms 0.4ms 0.5ms 06ms 0.7ms 0.8ms 09ms 1.0ms 1i.ims 12ms 13ms 14dms 15ms 1.6ms 1.7ms 1ims 1.9ms 20ms
VIVT+) V(R_Headphone:2) [z RS
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Figure 13: Simulated Soft Clipping Distortion Circuit Voltage Wavefor ms

This circuit was also assembled on a breadboardudible testingl placed alOkQ
potentiometer at the output to decreas: waveform to appropriate 100ni&vels. The circu produced
a similar crunchylistortion, yet provided a smoother texture cored to the harsh tone of t

hard clipping diode configuratio

| continued to follow arterative design approacto ensure that the desired integrity of the at
was maintainedwhile shaping the sound to a preferred . Noise was present while testing
initial design so high pass and low pass RC filteese implemented to reduce noise in

system Components were added to the circuit and simulagéore testing on a prototy)

breadboard.
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Final Distortion Effect Circuitry Design

While listening to each implementation of the circuit design, both the soft and lpgoict@li
techniques offered unique and desired effects to the tone of the signal. Each caorfiguaat
kept in the design with the option of disconnecting the diodes from the circuit. The filga des

displayed in Figure 14.

D4
[l
T
o2
11
=1
R14 Rz
AT A
2 500k
C1 0
476 R 4Ty T
I e i B
J:ANU ! \\* ¥ 100u C2
= TLO71 1] 11 -
RA1E 0 1u G2 ou I
- 11 - 3 -
V_Guitar [ 1Y I P R7
R3  [l0DODOD R4 [l0OCDDD U3 o5 ] gs.zac
JVac
Ovde =R
IDEf-u RE RE oz W
Ay Ay g
[
10% 10% .| v_Battery o8 RE
— — = G4 G682
f 4TEE- - 100 N
jp— du
0 1
=0 =0

Figure 14: Final Distortion Effect Circuit



Distortion Circuitry Component Description

e From the input, R15 = 4.Tkand C11 = 0.056uF form a first order low pass RC filter
which reduces amplitude by 20dB/decade with a cutoff frequency of 28.4kHz ohetdrm

by:

1
fe= (27RC) [13]

An active filter configuration was not implemented with a capacitor patalggin
resistor R2 as it would result in a gain dependent cutoff frequency.
e C1=0.47uF and R1 = 4.9form a first order high pass active RC filter to reduce lower
inaudible frequencies. The high pass cutoff frequency is calculated asab@idz.
e Amplifier gain is adjusted through the resistor pair R2 = $b@kd R1 = 4.7& through:
Vout =Vin(1 + Q)
R1
A linear potentiometer R2 = 500kallowed a wide range of tones from little distortion to
fuzzy tones. R14 = 22k maintains constant clipping levels, allowing a minimum voltage
gain of 5.7 and maximum gain of 112.
e A 10kQ trim potentiometer visualized by R7 and R8 placed at the output reduces the

amplified waveform to the desired 100mV.

e 1N4148 silicon diodes D3 and D4 create the soft clipping distortion effect by nguwvaliage
peaks in the feedback path. A toggle switch controls if the softimtjgp hard clipping diodes

are connected to the circuit.
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e 1N4148Diodes D2, D5, and D6 create the hard clippingodiiin effect by clipping the outp
voltage signal wheamplitude exceeds the diode tuom voltages of D2(0.7V) and I-D6 in

series(1.4V). A toggle switch controls if the sdfpping or hard clipping diodes are connecte

the circuit.

Components used for bypass;app poweringand DC offset biasing techniques aiscussed

in the sectiorPower Supply and LED Status Circu section.

The magnitude response was simulated to verifgtineect range of frequencies were be

amplified while attenuating undesired frequenceseen in Figure 1

i20mv -
100m\/ - et T ————
S ~ N
o~ N
yd N
o yd N
80mV- yd
60mVv
40mV-
oy /
ov
10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz
V(R7:1, Frequency

Figure 15: Simulated M agnitude Response of Final Distortion Circuit

The desired3dB cutoff frequencies of 72Hz and 28.2| are present according to the simulati

Amplitude within the pass band was at the approepd@0mV level:
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Initial Headphone Amplification Circuitry Design

Design for the headphone amplification circuitnaiegfollowed the iterative approach. A basic de

first constructed using minimal compone and was simulated as seen in Figure 16.
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Figure 16: Initial Headphone Amplifier Circuit

The input voltage waveforiiGreen) and output voltage waveform (Red) can ba seFiguri17. A

voltage gain of 20 is presentagpected due to the internal default gaii20 of the LM38€
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Figure 17: Smulated Headphone Amplifier Voltage Waveforms
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This circuit was assembled on a breadboard for audible testing. | place@ &ribOk
potentiometer at the input to decrease the waveform to appropriate 5m\eirgisitto produce an output
of 100mV. The guitar was connected to the input of the circuit and the headpi®meconnected to the
output. At moderate playing levels, a clean guitar signal could be heard, $eitvas present in the
system. As the circuit was refined with filters to reduce nagels$, it was continually tested to ensure

that audio functionality was maintained.

Final Headphone Amplifier Circuitry Design

100u C1 R_Hesdphones
—, LM2E5 ] I .
l:l 1T
1} 2L l E:_*%:*:l % -
WV_Gusitari Ra 8.5k Jdu CB Cis
1000000 b B T Gz
VOFF =0 §
VAMPL = .1V Ri1
FREQ =1k 10 454 —E'Z Ri&
‘ J':" u 10
! | ~0

Figure 18: Final Headphone Amplifier Cir cuit

Component Description

o From the input R9 = 9 and R10 = 50Q represent a 1@k trim potentiometer used to limit the
incoming 100mV signal from the guitar or distortion circuit to 5mV levelsiadbeing amplified

with a gain of 20 by the LM386 to return a 100mV output signal.
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e Alow pass first order RC filter is implementeddbgh and R10 = 5(Q and C12 = 0.01uF wit

cutoff frequency 32kHz calculated |

This reduces high frequency RF noise amplifiedHgydystem and reduces audible n

from being heard.

e C15 and R15 provide feedback stability to the sysds stated in the LM386 datash

Components used for bypass, app powering, and DC offset biasing techniquesie®ussed i

section Power Supply and LED Status Circuitry sex

Themagnitude response of the headphone amplificatronitwas simulated to verify tr
correct range of frequencies were being amplifieéderattenuating undesired frequencie:

seen in Figure 19.

120mv

100mV /
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60mV

40mV

20mV

0V'IOHZ 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz

V(Headphones:1) Frequency

Figure 19: Smulated M agnitude Response of Final Headphone Amplifier Circuit

The high frequency cutoff was found to be neardissired 32kHzAmplitude within the pass band w

at the appropriate 100mV levels.
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Power Supply and LED Status Circuitry

By powering the entire circuit with a single 9V battery, voltage biagdgrtiques were
employed to provide necessary voltage source levels to each stage ofehe Bgs the TLO71
distortion stage op-amp, the positive voltage source rail is connected to the +8ty pblhe
battery and the negative rail is tied to the OV ground plane. To allow the signal to Ifeedmpl
between the OV and 9V rails, a matched pair oK1 @&sistors was used to apply a 4.5V DC
offset to the positive input of the op-amp. The clipping diodes prevent peak voltagefiexel

railing at OV and 9V.

This powering technique however applies a positive DC offset voltage at the ofithe
amplifier which is undesired when driving a speaker load. To remove this DC vditsgle ®
large 100uF AC coupling capacitor was placed in series with the output. This iseadhieough

the capacitor’s frequency dependent impedance behavior acting as an opeatdd€ui

Zcap = LC [14]

jw

A red LED indicator and biasing resistor for distortion indication atetoehe +9V rail of the
TLO71 and are powered concurrently with the op-amp. | calculated a cuméirtdiresistor
value for the 2.3V red LED to achieve 20mA current. AtQ2be brightness of the LED was

extremely high, so the resistor was increased t@1f0k a lower, more reasonable brightness.

Vs—Vlied
R =
Iled

[15]
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Distortion Powering Circuitry Component Description

Matched resistors R5 = 10kand R6 = 10& provide a 4.5V input bias to the positive

input of the TLO71 from the voltage source. This offsets the output to 4.5V DC but

prevents the signal from clipping the OV and 9V rails.

e C5 =4.7uF in parallel with R5 stabilizes the input bias voltage

e R4 = 1M provides a pull-up function to allow the 4.5V DC bias to reach the positive
input of the TLO71

e C2 =0.1uF prevents DC voltages from entering the guitar and loading the pickups

e C4 = 10uF stabilizes the voltage source to prevent signal oscillations fronmeier
op-amp source rails resulting in an unstable response

e (C3 =100uF removes the 4.5V DC offset of the output by blocking the DC component of

the signal, allowing only the AC guitar signal to pass to the output.

The LM386 headphone power amplifier is powered by connecting the positive \&iiage
rail to the +9V polarity of the battery. In standard configuration, the aeptiffsets the output
voltage by half of the voltage source. Again an AC coupling capacitor is usechiiwaddi the
DC offset voltage from reaching the headphone speaker. A blue LED and biasstay fer
headphone amplifier indication are tied to the +9V rail of the LM386 to be powenedrcently
with the op-amp. | calculated a current limiting resistor value for the BI&&/LED to achieve
20mA current. A 2.2 resistor was used to allow enough current to drive the LED at a

reasonable brightness.
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Headphone Amplifier Powering Component Description

e C6 =0.1uF prevents DC voltages from ente the guitar and loading the pickt

e C7 =100uF removes the 4.5V DC offset of the ouhyublocking the DC component
the signal, allowing only the AC guitar signal tass to the outpt

e (C9 = 10uF stabilizes the voltage source to presgmal oscillsions from entering th

op-amp source rails resulting in an unstable resg

Switching M echanism Hardware

The switching mechanism implemented required tieeofiswo 3PDT switches. The distortion ¢
headphone amplification circuitry can be indepetigt enabled and disabled, allowing for four mode
operation. When a stage is enabled, the switclvaltbe battery to connect to the circuit, provic

power and illuminating the proper LED. The wiringgramis displayed in Figure 20.

In Out In Out
Distortion Heefﬁﬁ;)ne
GUitar In f\g) g)
“PDT 3PDT Output

SW1

J +TLy -
+9V Battery

Figure 20: Switching M echanism Wiring Diagram
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When toggling the individual stages on and off, | discovered a popping Mhisavas due to the output
AC coupling capacitor of the headphone amplifier circuit abruptly chaemdghen discharging through
the load. To allow the capacitors to discharge while disconnected, | Rd@ed 1M2 as a pull-down to

ground.
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V. Development and Construction
Printed Circuit Board Design

| designed a printed circuit board layout after the circuits weaéiZed utilizing Pad2Pad 1.9 PCB
software. Using through-hole component templates, all necessary compgentyganized in a fashion
to reduce board usage. Since the final circuit must fit in the body of the, gidgawas the main

constraint for this taskComponents were placed close to one another, yet with enough room to
allow all copper traces to fit on one side of the board. Nets were created betwgeneois on
the board to determine which pins of each component were to connect with surrounding
components. This step was followed by laying out the traces themselves. Theigasions of

the board are 2.5” x 1.6” as seen in Figure 21.

- .
Pad2Pad - [headphunsamplateslﬂistsw'\l(hes]_ | B e
@ File Edit View Nets Tool Job Order Window Help Aﬂﬂ

o M B v | | B Q200w -
Select an object

TT >

 GEmroODLG 0N

L

Pry i

Click to select an object or drag to select multiple objects; use Shift, Ctrl, and Alt for additional options X: 2875" Y:0.873" 0.100" x0.025" = |Snap: On NUM

Figure 21: PCB Layout Design
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The .pcb file for the board layout was sent to a small PCB manufacturing congraag n
Futurlec. Ten boards were ordered with copper routing and holes for component pins. Once
shipped, the boards were inspected and found to be of satisfactory quality as seereidZ-ig
Components were soldered to the Bard and verified for correct connectivity using a multi-

meter.

Figure 22: System PCB
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VI. Integration and Test Results

System Verification

Measurements were performed on the finalized circuitry to verify functtgraadd performance.
An Agilent 20MHz Function Waveform Generator was used as an input voltage. d6acbe

mode of operation was characterized to verify satisfactory performance.

True Bypass Verification
With Switch 1 and Switch 2 toggled to bypass, a 5kHz, 100mVpp signal was applied to the input

and the output voltage was measured as seen in Figure 23.

g :E'-Pngilent Technologies

Pk-Pk(1J: 95.4m¥Y il’k—l"ktz) 10Z.2ZmY f req(z) 5.031kHz

Mormal Peak Det Averaging | &) #* Avgs
I \/

Figure 23: True Bypass Voltage Wavefor ms

As was expected, the output voltage (Top) maintained its amplitude in bypass mode. This

performance allows operation with a standalone guitar amplifier.
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Hard Clipping Distortion Verification

With the distortion switch enabled and the hard clipping diodes connected, the voltege at t

diodes was measured as can be seen in Figure 24 with the gain potentiometer R2 set to 100.

-Agilent Technologies

Pk-Fk(1J: 106mY Pk-PkC2): Z2.84Y Phase(2+11: -44=
& Spurce i Select: Measure Clear Settings Thresholds
2 Pk-Pk Plk-Pk Meas e o e o

Figure 24: Hard Clipping Voltage Waveforms

The signal is noticeably clipped during the positive swing near 1V and duringghegveeswing
near 1.8V due to the two diodes in series to ground. This signal is attenuated usi€gtiani Ok

pot at the output to bring it down to 100mV levels.
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Soft Clipping Distortion Verification

The hard clipping diodes were disconnected and the soft clipping diodes were pléeed i
feedback loop. The voltage at the output of the amplifier with a gain of 100 was ndeasure

displayed in Figure 25.

<% Agilent Technologies

i
Pk-Pki{13: 125SmYVY PPk 2): Eﬂ?m\f Phase(2-+13: 7=
BW Limit \"’m Invert Probe
Dc li _ i

Figure 25: Soft Clipping Voltage Waveforms

Noticeable rounding of the peaks can be seen in the amplified output voltage waveform,

verifying simulation results.
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Headphone Amplifier Verification

| applied alkHz 100mV sine signal to the input of the headphone amplifier as seerrén2Bigu

The output voltage (Top) was measured after attenuating the signal with thpatgmitometer.

-Agilent Technologies

Ampl(]1): 240.8mV AmplC 2): 100.2mY Freq(2J: 1.001kHz
A Spurce &) Select: Measure Clear Settings Thresholds
2 Freq Freq Meas i i

Figure 26: Headphone Amplifier Voltage Waveforms

The output signal contained minimal noise. | attached headphones to the output to ensure

functionality and signal integrity were both maintained.
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Frequency Response

The magnitude frequency response was measured with the soft-clipping diodesezbtonect
determine if the desired frequency range was being amplified. A 1kHz 100m¥%icriad was
applied to the input of the distortion circuit, and the output voltage was measured. Data point

were recorded and graphed as displayed in Figure 27.

Distortion Stage M agnitude Response
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Figure 27: Distortion M agnitude Response

The red line marks the -3dB cutoff frequencies. There is a sharp roll-offr higtrethe audible

frequency limit of 20kHz which reduces unwanted noise and radio interference.

The magnitude frequency response of the headphone amplifier was also meagpiest ha
1kHz 100mV sine signal to the input of the amplifier circuit, and the output voltage was

measured. Data points were recorded and graphed as displayed in Figure 28.
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Headphone Amplifier Magnitude Response
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Figure 28: Headphone Amplifier M agnitude Response

Again, the audible frequency range maintains its magnitude while the undesgeericies

above 20kHz begin to attenuate, reducing noise in the system.
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System Power Consumption

| measured total system power usage to determine approximate battefhdifvoltage of the

9V alkaline battery was measured at 8.8V using a multimeter. Maximtiemybbfe was

estimated with a common 9V, 580mAh alkaline battery rafing.

Mode of Source Voltage Source Current | Power Usage | Estimated Battery Life
Operation (V) (mA) (mW) (Hours)
Distortion w/ LED 8.8 15.5 136.4 37
Headphone Amp w/ LED 8.8 6.3 56.2 91
Both On w/ LEDS 8.8 24.8 218.2 23

Table 2: System Power Consumption

The distortion circuit was found to consume more power than the headphone amplifeeitslue t

large voltage gains as well as use of more passive components. The headphorer aimquiifi

consumes less power, providing a long battery life respectively.

44




System I ntegration

Using a Dremel 4000 rotary tool, | carved a compartment from the rear afithetg allow

room for the PCB, wiring, LED'’s, and switching hardware as displayed urd-2P.

Figure 29: Compartment Created in Electric Guitar

| secured the circuitry into place and wired the switches properdeen in Figure 30. The output of the
guitar was wired to the input of the circuitry through the switches, andutput was fed to the %" output

jack of the guitar. | then installed the battery and verified theckes for functionality.
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W

Figure 30: System | negrated into Electric Guitar

Headphones were plugged into the output of the guitar through a mono to stereosadyatieeach
speaker would be driven. All modes of operation were again tested and fourfdlty fumctional. The
native volume control appropriately attenuated the signal and the LE@srpyrtit to indicate each

mode of operation as displayed in Figure 31.

—_
/I‘Ahulﬁ

Figure 31: Front View of Integrated System Hardware
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VIIl. Conclusion

The design, construction, and implementation of the electric guitar distoffiech and
headphone amplification system were successfully completed. After desigmaotype
revisions, the final system design met the given requirements and producedrég desi
functionality and sound containing minimal audible noise. The installation of the systethe
body of the electric guitar has enabled an easy to use device with improved fuitgtional
allowing one to play without an external amplifier yet maintaining thetgbdiimplement
effects processing capabilities. By designing the system with adoywanent count and a
minimal PCB footprint, units could be produced in bulk at a low price. Implementing trim
potentiometers for signal level attenuators also allows the device to opéhatewide variety
of electric guitars. If desired, the system could be installed in a standadolosure for use with

a wide array of audio applications.
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Specifications

Modes of Operation

Distortion Only

Appendix A
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Appendix B

Part List
Distortion Circuitry Headphone Amplifier Circuitry
Part Ideal Actual Part Ideal Actual
R1 4.7 4.70Q R7,R8 10 T POT | 9.95Q T POT
R2 500K2 Lin POT | 498K) Lin POT R11 1M 1.01MQ
R3 1MQ 1.01MQ R12 1MQ 1.02MQ
R4 1MQ 1.01MQ R15 1@ 10.1Q
R5 100 10.02iQ R LED Blue 2.2K) 2.21Q
R6 100 10.05K2
R7,R8 10 T POT 9.98K T POT C6 AuF .10uF
R14 22K 22.1KQQ C12 .01uF .011uF
R15 10@ 99.82 C13 100uF 99uF
R LED Red 10K 10.05K2 C14 10uF 10.01uF
C15 .056uF .056uF
C1 ATuF A71uF
C2 1uF .10uF | LEDBlue| 3.5V Blue|
C3 100uF 99uF
C4 10uF 10.01uF | IC | LM386 |
C5 4.7uF 4.69uF
C11 0.056uF .0559uF
D1 1N4148
D2 1N4148
D3 1N4148
D4 1N4148
D5 1N4148
| LEDRed | 2.3VRed |
| IC | TLO71 |
Misc.
Part Type
SW1 3PDT
SW2 3PDT
PCB FR4
9V Batt Duracell Alk.
Wire 24 Gauge
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Appendix C
Schedule

Quarter 1
¢ Initial research of audio signal processing techniques
e Design of custom audio processing and amplification circuitry
e Part procurement
e Implementation of temporary circuitry for operational verification
e Circuit and functionality improvements

Quarter 2
e Custom PC board fabrication
e Preparation of electric guitar body
e Implementation of PC board circuitry inside electric guitar
e Test and Verification
e Report refinement and completion
e Demonstration
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(Weeks 2-3)
(Wedhs
(Week 7)
(Weeks 7-8)
(Weeks 9-10)

(Weeks 1-3)
(Week 4)
(Weeks 4
(Week 6)
(Weeks 7-9)
(Week 10)



Appendix D

PC Board Layout
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