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1 Imtroduction

For Lthe linal projoect von are rogquired o use an FIPGA board Lo build a “box™ Lhat takes a
MIDI sirnal as mpul amnd gencrales a andio wavelorm as oonbpuol. Figure 1 shows a hagh
level view of Lhe synlhesizer Chal vou will baald. MIIDI 15 an acroonym lor Musical
Instrument Digital Interface, and a MU sipnal s a bil-serial streamn of byles, The aodio
wavelorm is a mono (as opposed Lo stereo) sigoal. 1L will be strong enough Lo drive
headphones or small speakers. The MIDI synlhesieer 15 monophome, meanmge that it will
Lranslate MU sigrnals inbo sound nol more Chan one nobe alb a Lome, and single channoel,
meaning Lhat it will prodoce the voice of only one imstrument. The audio wavelonms are
peneraled wsing: a Lechogue called waveforrn symthesws, wavelorms [rom actual musiocal
mstruments are stored 1 BOM and used Lo gencerale sound in response o MDY
commeands. The sound wavelorms are stored and playved-back wsing 16-bal data samples.
Oulpul sampling rale 5 31.25KH=.
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Figure 1: High-level view of Lhe MIDI Synlhosizer.

Our project 15 a simpliliced version of commercial synbhesizers. For companson, a mediom



racle commercial sound box has stereo oulpul, 15 polyphone, and 15 capable o gencrating
H0 podes simultancously. Nole pilch can be vancd continoowsly, and Che vorees inclode

mumerons digital hlters [or adding specal ellecls o Che sounmd oulpul. Such sysbems cost
arcumd several hundred dollacs.

1.1 Sound and Music Theory

Sound 15 ar vibraling al an amdible Ireguency, Lypacally 20H: — 20K Hz [or an adolt
bman. The amount of displacement. can be sampled and recorded as a seguence of
magmiudes over Lime, and reprodoced by speakers or head phones.

(ur hearing 15 quile complex i Lthe way we perceive musical tones. Two of Lhe maost
unporlant. charactensties of a musical Lone s Ils lowdness and s piteh. To a lirst
approcunation boman bearimg 15 eanthoe m perceaving bolh loudoess and ptch. Lo Che
case of lowdness, Chis means thal a we perceive Lhe lomdness as being proportional bo e
loparibhm of the sound wave amplibode.

In the case of pitch, the boman andilory system s very keen al detecting Che loganthome
relabionships boetween [regquency, amd “muosieal™ pilch imtervals, The simplest inberval Lo
detect 15 Lhe oclave, where Lhe lnghor pitech has double the Irequency of Lhe lower pitch.
Given Lhose two [requencies, il is possible o subdivide the interval (which is Lthe multiple
2) inbo Lwelve parls, produocing cleven semi-lones in betwoen, These twelve semi-lones
[orm Lhe chromalic scale of Lhe Craditional wesbern twelve-tone soale.

These Lwelve inlervals [orm a geomelric serics. As we move [rom one up W Lhe next we
can delermmine 1Ls requency by muolbipdving by 9 After 12 such mulliphcations we will
have doubled Lhe reguency and reached Lhe ocltave. Most people can detecl a pateh
dillerence mnch smaller Lhan Lhese 12 divisions, o [nel as small as a lew homdrediohs of a
semi-lone. In musical lerms a cend is 1100 of a semi-Lone. To increase Lhe piteh of a nole
b one ceol, multply 1S Irequency by 2.

The note called mpddle O has a [reguency of 261 .63Hz. The MDD encoding [or Chatl nobe
i key G0, The nole called high O, which s an octave higher, has a2 double Lhe
[requency—>5023.20He, and 1l has a MIDI cocoding of 72, (Whers tones can be produced by

multiplying and dividing Lthe [requency by [actors of Y2 For example, MDD nole
mumber 61 has a [requency of 261 63kHex 2.

There 15 one more unportant aspect Lo a mosical sound, called tenbre. Whereas palch s
muhication of how ollen a sound wave repeals, amd loondness 15 Lhe way we perecave Lhe
amplibude of a soumd, Limbre 15 & pereeplion of Lhe shape of the sound wave, Sometunes
Lthe Limbre of & musical one 5 called s Lone guabkiy or codor. Dillerent musical
mstruments have dillerent, and readily deotiliable, Lmbres. Like our pereeplion of othor
characlenstes of a musical Lone, Lunbre 5 complex, bul il 15 deeply related Lo Che way a
musical nole starts, the shape Lhe wavelorm Lakes as 1l repeals ibsell, and bow il dies ool

For many musical mstruments, a simple model can be used o desenbe the shape of the
wavelorm. The wavelorm can be splil inbo Lhree parls: an allack, a sustan, and a release.
The attack s the most interesting part of & musical sound, corresponding Lo when a nole
i st playved. 10 Lypically lasts [or no more Lthan 300ms, and douring thas Gome, e
wavelorm may be very irrepular. Most of Lthe rest of Che mnsical sound 15 very repelilive,



and 1l s called Lhe sustain. In the sustain scclion, nol mmch would be missing Lo Lhe car il
Just one cyele were played over and over again for Lthe duration of the rest of the nole. AL

Lhe end of Lhe note, there may also be irrepulanticos in the wavelorm, and Lhe release
consisls of Lhe dving away of Lhe soumed. The release s Lypically shorber Chan 10ms.

This simple model malches some muosical instrument betler Chan others. Nobes [rom Hotes
and other woodwind mstruments and bowed sounds such as [rom Lhe violin family, [l
mecly mlo Lhis model. However, soumds [rom instruments Lthat are struck, such as a
manmba or even a plano don’t really bave a sustain parct Lo Lheirr noles. Lo Chese cascs we
could simply omil the sustan part of Lhe model, or probably more sunply represent. Che
cnlire nole as an allack only.

1.2 Sampling and Storing

A SI2ZKB EPROM will be usoed Lo store Lhe sound information. AL a sample rate of
J1.20KH:, and atl 2 bwles por sample, Lhe EPROM can store roughly B sccomds of raw

sonmdd. Howoewver, 1L mnst e capable of reproducing noles of maybe M dillerent palches at
varying durations.

The sunplest way of gelling arbibrary duration 15 W store an atlack, a shorl secltion of Lhe
suslain, and a release in a nole Letnplale. Then, Lo gencrale a nole, the synbheseeer will
play Lthe altack and conlinne playing inlbo Lhe sustain. While the nole 15 held, 10 wall
conlinue Lo play Lhe sustam part by looprmg. When the key 15 released, o sipnal the end of
Lhe note, Lhe synlhesizer will continee playing Lhe sustain Lo Lhe emd of Lhe current loop
iberation amd Lhen play Lhe release portion of the stored oole. This prooess [or playving a
nole 15 tlustrabed o hpoare 2.

One way of pencraling: an arkbabrary pitch 15 Lo store just one nole Llemplabe of an
mslrument al & konown pitch, and varying Lhe plavback [reguency. Barly inexpensive
synLhcsiesers vanoed Lhe play back [requency of a nole by adjusting the sampling [reguency.
This creates problems in Lhe systemn desipn amnd will nol be wsed bere, Instead we waill
oulpul all notes wilh & conslanl sampling [reguency amnd will vary the strde wilh whach
wi sbep Lhrough the samples i Lhe Llemplate. For example, il we stored Che nobe mddle €2
(MIIM key 60) samphed al a rale of 31.25KHz, playing the nole back by Laking every
sample [rom the Lemplalbe would result i anobher muddle C. However, il we Lake every
olther sample [rom the wemplate (stride = 2}, the [requency, and Lhos the pitch, of Lhe note
would double, resulting in high C (MID] key 72). Generaling noles wilh a requency in
between Lhese bwo requires Lhe use of non-inleger stride and Chus a noo-inbeger mdex inlo
Lhe templabe. In our desipn, we will woore Lhe ractional part of the index when looking
up samples stored mn Lthe lemplate. However, Che mdex most, be mamtanod as a
nor-inlerer number internal Lo the synbheseer logic, Truncalting Lhe mdex when looking
up samples in Lhe template, resulls i a sheht distortion of the wavelorm, bul greatly
sumplifics the loene. You may choose o carn exbra credil by modillyving your desien Lo
account for Lhe [ractional part of the index. As described later in Cthis docoment, linear

imlberpolation performeoed on the closest Lwo samples stored o Lhe Lemplate resulls oA
more: accurale wavelorm.

An inleresting properly of musical instroments s Lhat the timbre of the sound varies from
nole Lo nole over Lhe range of the instrument. Nobes playoed in Lhe ngh resaster of a



