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The purpose of rny pro ject Nas to design a harrnonic

synthesizer. By setting the arnplitude= and phases of the

harrnonics the synthesizer r/'raE able to produce the desj.red

rea I -t irne wavef orm.

The above was accomplished by selectively reading poi.nts

frorn a h i.gh reso lut ion sine tab le to repraduce the var icus

harrnonic frequencies at selected phases. Thenl each harmsnic

data points could be scaled apFroxirnatelyy surnrned u.rith the

other harmonic data points of that tirne interval: anci stor?d

in a f inal waveforrn location. lihen al I calculation= are

cornpleter the locations containirrg the finaL waveforrn could

be outputted as a p layback Ioop, These digi. tal data values

would then be converted to audible sound by passing them

through a digital-to-analog converter,
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The theor.u behind the design of the harmonic synthesi.zer is

the fact that tirne and frequency are interchangeable and carry

cofnplete inforrnation about the wa'reform. That is to say that a

waveform can be studied in terms of its frequency cornponents.

Thusr a periodic wa'reshaPe can be created by setting its frequency

cornoonents (1).

? tt (t))€F(w)

To have contrlete control of the harmonic cofnPonents of the

waveshapel it is necessary to create the waveform frorn sPecific

frequency cornponents. the purest and simplest waveshape is that

of the gine r.{ave (or cosine waver a 9o degree phase shifted sine

wave) which has only one frequency Cornponent as shown by the below

graphs.

kl

Fig. 1. Sinusoid in tirne dornarn Fig. ?. Sine in freq . dornain
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I: != ps==:bie ia pr-:Cuc= mcr= CJ;ngie\< ile.irfdi.c ,,r1€\/e7ar-;ns b,,.

accl'nc sir.]€ h/ave5 0:- ,/ar!cu5 ernDi-:uo€5r !lE-icc=, g,nd DhaSe€. i:
f r-gcuencies are l imi;=c io harmcnr.c= or- the r-unaarne.tsi and
i nc lud i ng tne fundamen:a I f i-=quenc.r, ihe aave form m€,r be

de=c:-ibed b), the belcw equsclon.

f (t) = Acls(wt + e ) + Ecc={Er.r; * gr.} + C:csi3wt + €..} +

To bs able to c:eate e\/ery c3r-'lc=i.zatle per-j.oiic waveshape
would r-ouire an inr-inite nurnber o-,- harmonics. Thi.s would
obviously not be prac;ical. Fortunarel,t: the audible rar_,ee for
nurnans extends to onl',2 eo KHz. In addition, harrnonics higher than
t 1 above the fundarnentar ha.ze verT I i. itle iinpact rnusicar. 1 ,/ Bn a

tone because of their relat i.zel y hrgh frequency and therr usual ly
smel l arnp I i tudes compar-ed to the fundamental. Also rnany higher
harmonics are not rnusical tones causing a detuning effect.
Although these subtle harrnonics can be uEed to fatten and coloi-
the sound' the-v wiil not be considered as rnajor factors in the
design of this synthesi:er.
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OI/ERTLNE SERIES

Harrnonics Generated by a Fundamental
( Great C')
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Fig. 3. Harmonics generated by fundamental (Lee, 1966).
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The Tl4S3aOl.() Mic:-cDr?c?==cr i= nuch difier=nt t;ran

t.zo icai mic;-oorf c=s->or-3. ihere are se\/erai ver-/ notab le trai i=

that gEney-:1.17 rnake !hi= par-i:.cu1ar pt-ac=s3'ar faslerr incre

ef;icient' 'ner= flexibier rrlor? ac:uraler and mora user friendl',.

t. It is fasier, ha'.,iirg ?OOns instruction cycles. And

hor:rre- mnef inSt1- UCtiOn= r5n,,i -d A.^,'r, -ne CVCIe tO.,,.,

ccrnp leta ( Eranch ' Stack. and Ir'O require two (e] cyc les;

Tab le insti-uct:ons require three (3) ) , the TlvlS3aOlO

er--i-ecii.zely is capable of executing five rnillion

instructions per second.

e. Thi.s speediness is large1y due to the effi.cientry inherent

in the archi.tecture. The TMS3?O1O utilizes a Harvard

arch i tecture in wh ich Frogram tnernory and data rnernory 1ie

in two separate spaces. Partitioning of rnernory al lows an

instruct!on to be prefetched while the prerrious

instruction is executing.

-
3. fn additionr the Haivlrd style was modified to aIlow

tranEfer of data between prograrn and data spaces (using

Table instructions) increasing the flexibi lity of the

de.rice.



The TNS3aOIO i= a 16-bi i micr-aor3c=ssor wi th ,3 doub le-

preci=j.on 3e-bii ALU/ac:r'nulai:r afforCing greater.-

accuracy than typical microDroceE50r=.

FinaL ly' the TMS3aOIO is sirnpLer- to prograrnr pmploying

autoincrernenting/decrementing register-= for inCirect

addressing and loop counti.ng and uti. 1i:ing a single

?OOns cycle rnul tipl ier which replaces slow and lengthy

rnultiplication.

'-|'..r_'-F::r:1''..r:T:'FeEr#|!';,:l'l..rnr:.i'Hi:..;::_-'::-*----.*i::f:Yi€,.?I'l:.:--:{-+f--':*]*;::jFt..:1'!
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SOFTWFNE

The fo 1 lowing pages are the f low charts of the assernb I.z

language programrning. The basic harrnonic synthesizer i=

represented in the GENeration section and the pLAyback looo

section. This rest of the fiow charts shsw that the basic

synthesizer can be incorporated inio 3 sequencer prograrn that

can play various pitches and sounis with varied duraiion.

'll
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The principles of thj.E project were i,mplemenied using the

TMS3aOIO Digital Signal Processor De'reloprnent System by Texas

Instrurnent=. The svstem used included the VAX (Vl"lS) XDS/3eO Macro

As=ernbler- I Linker r and Simulator for software de.relopment r Bnd

included in the XDSI3?O Emulator with Analoo Inter-face Board (AIB)

to integrate the hardware and sof tware. The VAX (Vl'lS ) Sirnulator-

Systern aIlows the user to easily create and debug his software.

The Sirnulator ful lv responds as the Tl"lS3eOiO Microorocessor as the

XDS,/3aO Ernulator would. First the program is written to the

Source File ( Cf iIe narne).FiL) with the aid of VAX full screen

editing. The Assernbler then takes the Source FiIe Program (tfiIe

narne]-FIL) and produces both an assernbled list ((file narne].FIL)

cornp lete wi th cornmands r trod€ r ptrFor roessages l and warni ng

rnes=ages I and Mapped Ob 5ec t Fi le ( tf i le narne).MFO )

The assernbled list file contains the progra,nsr coder €Fr-or-r

and warning rnessages. The Mapped Bb ject File is loaded into the

Sirnulator and rnav be loaded to the XDS Ernulator with little

rnodification. The Assemblerr Linkerl and Simulator commands are 
",

as foI lows:

.F

To Assemble (Exarnple fiI* n"t" - HS)

TyPe

X3EO <RETURN>

At prornp t type

H5.FIL <RETURN>



LL

Hi t (.RETUFl.l)' for def auI t=.

F:il.ohrir.rc As=embiyr ir tner= aie ey-rors in the rncdule'

type

I YTE. l-tS.LI5

The error- fr-ee input f i. le rnay now be l inked usinc "LINK" cornrnarrd.

In this particular pro.l ect no other files needed to be linked'

cor-rsequently the Mapped ObSect Fi ler HS.MPOT is ready the be

loaded into the Sirnulator,
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In the course of this project it was necessary to

estab I ish a I ink between the VAX (Vt'lS) Simulator and the

XDSr'3eo Emulator in order to facilitate and expedite rno.uernent

of prograrnming rnaterial. To acccrnplish this' a terrninal u.ra.s

needed that would i.nterf ace f he two syslems,. In add i t ion I

because the ernulator is no t ab le to retai.n the program when

shut off I it bras desireable to be able to save the prograrn in

5,3fne rnanner ,

The IBM Personal Computer was chosen as the

cornrnunications Iink. Florida Atlantic University has

IB|4-PC's connected directly to VA)(. t,l ith a cofnrnuicationg

sof tware cal1ed PROCOM|4 the Mapped Ob5ect File created by the

Assernbler can be downleaded to the IBl"l usi.ng a rapid file

transferring tool of VAX called Kerrnit. The transferred file

is written directly to diskr and the resultinq file reguires

little modification of the object code to becorne cornpatible

with the XDS.

To rnake the ob ject code f ile cornpatible three steps rnust

be taken in line edit (EDLIN) mode of IBM DBS:

1. Delete Kerrnit control character (^J) at very

beginning of fi Ie-

e. Restore Mapped obSect File Identification characters

to original state and insure that there are alotted

eight character= for this identification- If some

,,,

--4; -ilTila-'



are needed fill them with the (space bar) character.

3. Replace the check surn character number seven (7,

(located as the sixth character from the right of the

first Iine) with the ignore check sum character

nurnber eicht (B).

Sannole trilrst n i.r,e of code:

Before editinc...

^JKOOOOHARYIOA 9OOOOB7OO1B3O65E ?tr1A5FF I Ignore

ident. l

L6

After editing...

KOOOOHARPTOTNT 90()0087001 830658 F l BsFF

4Lt**o speces Fnere

t
E Ignore

ident. l

At this point en IBM rnust be connected to the XDS and

operated es a terminal. Againl PROCOMI'I was used as the

cornrnunications software. A cable was, then constructed to

connect the rnale RSe3e Port connector of the IBf'l to the

female connector on the XDS. The cable required only for

lines. Earth and ground pins 1 and 7 were connected acros's,

in paral l,eI fashion between the IEPI and the XDSi however I the

transmit and receive pins ? and 3 are cross-connected (4).

XDS
Port A

PLn t
Pin 2

Pi r.r

Pin

Pia I
Pin 2

IBM
Asynchronous Port

Pia 3

Pin 7

i'

3

7
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Nex t r FROCOI1M

Pararneterg requir-ed

fo I lows:

1. Eit Rate

a. Par i ty

3. Character

4. # of Stop

5. Dup Iex

hras irri.tiali

by the, XDS.

ied to match the line

Optimum settings are a5

Length

Ei ts

: 48OO bps

: Even

: 7 bits

: 2 biis

: Fu11

t^lith the IBM connected to Port A of the XDSr afld the xDS

operating in user rnoder proll rarns on disk were able to be sent

frorn the IBM to the XDS by the below procedure:

1. Enter the XDS download (DL) cornrnand.

e. Default alI but final prornpt.

3. Enter r'1" for user mode at f inal prompt.

4. Enter upload cornmand (PgUp) from IBM PROCOl"lt{

5. Enter name of mapped object file to be sent and

<RETURN>

._:::f:-I.;J.Irl
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The gap betureen the di.gi.tal world and the analog world

was bridged by the use of the Tl'lS3eOLA Anaiog Interface Board

(AIB). Of the rnany featur=s offered by the boardr.the

fol lowing were uti ! ized for this pro ject (a+)i :

1. 1e-bi t digital-to-analog converter

?. Two low pass fi 1 ters: ( 1 ) an anti-al iasing fi I ter and

(a) a reconstruction filterr both factory set with a

cutof,f frequency of 4.7KHz

fJith the AIB connected to the XDS by a target cable:

harrnonic arnp I i tudes and phases of several basic waveforms

were loaded into their respective data rnernory addressesl the

prograrn was run and the results noted. The hexadecirnal values

of the harmonics of these waveforms were calculated frorn

Fourier series expansion formulas {5} using prograrns self-

written in IBM BASIC.

With the basic prograrn rnrorking properlyr options hrere

added successfully: (1) control of fundarnental frequency and

(a) control of the duration of the note. An attempt was also

made to combine the syntnesizer with a seguencer to allow

different sounds to be loaded autornatically and also pitches

and their durations to be output in succession without

stopping the prograrn1 but this h,as not completed at the time

of this report.
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SINE WAVE

For Harrnonic (n _ 1) only

Amplitude - 1

Phase _ Not Gritical

.F

Ftg- 7 - General equations lor .harmonics of a sine way€-

t,
tl

?iF r:
j+ -!r-4Fr-r'\ .,:..1F;_T":1ffii.:-l: "':-:'*T':--.':" ;, i'-'-""*:r'-
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SQUAHE VI'AVE

For Harmonic n (odd only)

Amplitude - lln
Phase - d

. -l
Flg- 8 - G€rprei eqrntkrns io, ir"rmonics oi e squar€ wave-
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SAWTOOTH WAVE

For Harmonic n

Amplitude _ lln
Phase - 18o 

u (n - even only)

Frg- 9- Geneml equatlom tor: harmonics of a sarytooth wave-

::"1+:,F . " 
-,---'-rt---:" : _-s
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TRIANGUIAR WAVE

For Harmonic n (odd onfy)

Amplitude - l tti
Phase : O 

u

Ftg-10- General equatinns lcf ^harmonics of a triangular wave-

'I
I
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Dr rr QE u/AVEr \J L\JI-

(DuV Cycle _ Dx 100%)

For Harmonic n

Amplitude ; sin(D x pi x n) I n
Phase - O

Frg-rr- General equatkrrs forlharmonics of a pulse waYe-

t,ll

I
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fl-re Ti1S3aO1O {nicrccornouler is ac =xc?pironal. iy r-a=i snd

ac:urate de.,".c= becau=e oi- the ne€c tc Dr=c i,sel'z croduc= and

ot-rtput sianalg in r-eal. tirne. As=enbi'; laneuage prc-cr-a,nrninc was

fal,-I r sc-aignc for-uiarC. As=etnblT c:rnrnani= were e-=",/ to learlr and

use. Debugging brought sorne occasionai ci ifficultres when there

w€re errsrs due tc i'noroper ind i r-=cl -:Cdr=s=i ng or when there hlas

ccnfusion about which auxi i iary r=gister is bei.ng inci-ernent=d oi-

decr=mented at a given po int in the pi-o-cr:rn-

A great deai of tirne was spei-tt ti-ying to avcid spending

even greater tirne inov!ng tne sirnulation orogram to the XDS

Ernulator. Usine e stand-al.one terminal would harre requii-ed

nLrmerous retypi.ng of the prograrn i,nto the XDS as the terrninal is

unable to save the prograrn at the end of the day's session.

Consequent I y, the XDS was acces=ed using lhe IEPI-PC tnri th the

cofnrnunicatons software PROCOMPI allowing safe storage of the

prograrn onto disk to be reloaded at the next session and allowing

sirnulation ver-Eions frorn VAX to be transferred to disk using VAX

Kerrnit andr aqainr PROCOMI1 -

Connecting the IBH-PC to the XDS posed sorne confusion as

it wa5 unclear in the XDS rnanual as to whether it was necessary to

retain the stand-a1one Espirit]terminal cross-connected to Port A

:_

of the XDS and use the PC as the host computer at Port D or to use

the IBt4 alone. Then with the IBI'I alone' it was unclear as' to

whether a "smart" terrninal should be also cross-connected and as

to which port it should be accessing: Por-t A or D. In additi.on.

\ --'* - -*"': 
,:-" .1 'a
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i t rd€S unc lear as to how the Prografn should be loaded into the xDS

with the apDroPriate cornrnunications configurati.orr. Fina1ly, there
wa= a problern uploading the prograrn to the XDS because the check

surn byte at the end of the first line of the rnapped ob;ect code

was detecting an error in the number of bi.ts in that Iine because

the Kerrnit transfer from VAX had reinterpreted a few nonessential

characters- This problern was resolved by restoring the first Ii.ne
to its original condition and by changing the check sum character

to one that ignores the sum.

Specifi."tions for the D/A converter wer-e inaccurate irr
the version of the AIE user's guide that I ordered frorn Texas

fnstrurnents. The D/A requires that the rnost significant bit be

reversed (effecti.vely rernoving the effect of the sign bit) to be

interpreted ProPerly by the D/A. The D/A produced two glitches in

the output weve Fer period at the sarne abgolute voltage level (one

at +V and one at -V. Upon recheck of the sine table and playback

loop deterrniningr this cannot be a problem due to the playback

loop or a mistyped sine table;thereforer it must be concluded that

there is a glitch in the digital to analog converter.

Calculation of PITCH values and trOMPensating duration

values shows a trade off in accuracy: As freguency decreases the

PITCH values become more eccurate but COMP values decrease in

accuracyr likewise as frequentr-y increases notes move far frorn
:.

their proPer resPective frequencies but a steady beat becornes more

easily attainable. This trade off can be attributed to the fact

that at high frequencies PITCH values become very low rounded off

integers and at low frequencies COMP values are very low rounded

'1,
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off integers- Consequenty, ther-e is a bandwidth for arhich there
is reasonable accLrracy fo both note pi.icn and length. This
bandwidth iE dependent upon the speed limitation of the
rnicroproc=ssor and the eff ici.ency at which the f inal wave po ints
are outputted. A faster speed allows for larger rnore accurate
integer values, hence greater bandwidth.

Faster microprocessor speed would arso ar 1ow for the
fo I lowi ns:

The disadvantages of additive harmonic synthesis are a5,

fol lows: . -:
:.

1. Several harrnonics are required to accurately reproduce

any waveshape. l.Javeforms wi th part icular Iy sharp

edges are of particular notice because a discontinuous

funct ion cannot be exact iy dup I icated by sumrning

1. A Iarger sine table rnaking it possible to add further

harrnonics wi thout sacrif icing accuracy of

the output and to decrease at very low

fundarnental f requenc ies the harrnonic distort ion

caused frorn a slower sampling rate.

e. An increase in the high frequency range of the

fundarnental frequency without sacrifici.ng the nurnber

of harrnonics.

3 - Real-tirne output of the f inal waveform giving rise to

the ability to instantaneously change the naveform as

as any harrnonic is altered rather than reloading the

harrnonic data and recalculating the new waveform. i,,

.-.-...'..,/ 
t

-" --. _.:---_..- ....- . -- -. .t

- "'-11 : '!
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coni inuous funct iotrs.

e. Numerous harmonic= require heavy repetitive

calculation demanding rapid =i.gnal processing.

The advantages of additi.re harmonic synthesis are the

fo I lowi ng :

1. Fast t eff icient r speciai iy designed digi ta1 signal

processors are rnaking additive harrnonic synthesis a

prac t ical r f easab 1e r and ref ined rnethod of creat ing

waveforrns.

e. There is virtual total control over tonal quality of

sound because every frequency component, of the

waveforrn is adjustable.

3. Nurnerous waveshapes that would normal ly require

several analog generators can be produced by one

sing Ie "generatoF " r the harrnonic synthesizer .

' 4. It facilitates creating a particular sound because

harmonics bui1d a "picture" of what is heard. It is

the "language" of the ear more than the eye. hJith

harrnonics one need not be farniliar with what types of 
',,

basic waves produce certain sounds.

This particular synthesizer designed nith the TMS3?OIO

Digital Signal Processor has' tF.* potential to be additional ly
::

prograrnmed to load its own waveforrn harmonic datar change the

frequency of the fundarnental I and set the duration of a particular

tone to be outputted. These possibiLities allow for a sequence of

notes to be played with any sound generated frorn the values of the



harmonics- In additionr the fundamental frequency could be

deterrnined by a rnusical keyboard. Polyphony could be introduced

with paral leled coprocessorE each reading a secti.on of rnemory

containing the generated f inal waveform. Sorne vo ices could be

partitioned to output a different final waveforrn allowing for a

a split keyboard. This project is the foundation for a wide range

of possibilities.

',i
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Figure 1. Sinusoid in time dornain . p. e

Figure e- Sinuso id in frequency dornain. p. a

Figure 3- Harmonic= generated by a fundarnental. p. 4

Figure 4 . E lock Program of the Tl"lS3aOiO t'll0 p . 7

Figure 5 Cornmunicat ion cab Ie conne€tion frorn
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JOURNAL

JIINE use TMS32o1o simurator and Emurator Development

System. Output emulator to a D/A and an audio

ampli_fier. The rest is programming! Studying

TMS32OL0 Assembly Language.

JULY Programming TMS320L0 using vAX Assembler, Linker,
Simulator.

AUGUST Debugging source file.
Problem traced to Multiply Loop Sign bit not being

suppressed in Low Accumulator.

Play loop not usable in simulation. Decide to
output simulation in ',r.eal time".

Harmonic not being properly calculated because

Sine Table was not calculated to consider the
highest bit being a sign bit and it was D.C.

biased because r was anticipating the effect of
the D to A converter. Hence, the table is
adjusted to remove D.c. Bias and utilizes highest
bit as sign bit. In addition, it is scaled down

to prevent an overflow should too many harmoni-cs

have very high amplitudes.



SEPTEMBER Searching for program cross-Tark to enable rBM to
communicate with xDs. rf this is accomplished r
will be able to save my programs on disk. Because

of the large amount of time r would save with this
feature I am determi_ned to make this link work.

Program Cross-Talk is unavailable. Engineering
Lab has Asynch. Comm. program. Esprit Terminal

works fine, but there is no means to save my

work- rBM Asynchromous port is hooked up in Host

Port of XDS standard with uncrossed Rs232 cable.
No success.

Termi-nal cable is used at the host connection to
see if the host can communicate alone through port
D and stiIl nothing. r am confused as to whether

it is the fault of the communications program, the
cable confi-guration or the port configuration. I
seek herp from Tr-TMs32Ol-o Hotline. r am informed
that the xDS has definitely been used with rBM and

a communications program called pRocoMM. At this
time r have become familiar with this program for
its usefulness as a means of downloading files
from VAX to an IBM-pC. This would be how I get my

program from VAX to an IBM-pC. The problem

remains in the IBM-XDS tink.



OCTOBER

NOVEMBER

I try PROCOMM with every reasonable combination to

no avail. I check the configuratj-on of the IBM

port to see if it is voltage or current Ioop. It

checks out as voltage. I create a cable for the

host (IBM) that matches the terminal cable:

Cross-connected for pins two (2) and three (3). I

set the terminal for Host Mode and this enables

the IBM to type characters to the Espri-t display.

Attempts to transfer program to the XDS are

unsuccessful. The data is transferred to the

screen of the Esprit but not to the program

memory.

I call TI'320 Hotline, again. This operator says

that the IBM need not be used as a host but can be

used directly as a user terminal at Port A. With

the latter set. up, the program can be tranferred

using the down load command set for user transfer.

This is successful except for a cheek sum error in

the f j-rst line of code. Addilionally, the f irst

few program iommands were not transferred. A

follow up call to TI lead to Lhe suffestion that I

should check the mapped object. file to see that

the first line starts with correct characters and

that I might change the ttcheck sumtt character to an

ttignore check sumtt character. Following his advice,

the program is transferred successfully.
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The next step is to successfully hook up the Analog

InLerface Board. Having not been able to obtain a

copy of an AIB user's manual, I call TI locally to

see if there are any available. I am Informed that
there are none available at that location and that
they would check with other TI locat.ions. I am

still able to hook up the board based on the

general information in other TMS32010 Manuals and

based on Robert Campbellts auLocorrelation projecL.

Eventually, I obtain a copy of the AIB userts guide

from TI. To power the board, I attach female banana

plug connectors to the power leads of the board and

mount and wire banana plug terminals on an

incompleted +12 V to -.12 V power supply that shall
be used to power the AIB.

WiLh Lhe entire system in operation, I run the

software to discover that the output resembles a

square wave not the test sine wave. Certain of the

validity of the software, Iwrite a short program to

test the D/A. This t'ramp" function program leads

me to conclude that the D/A is operating properly.

The sine wave is out.put again with higher amplitude

and yields tthumps" in the square wave output. I
realize that the D/1, is not accepting the sign bit
properly.



DECEMBER

Negative values are being read as positive volt.age

values while posit.ive values are being int.erpreted
as negative voltage values. Solution: inverL sign
bit raising positive values to the posilive voltage
range and lowering negative values to the negative

voltage range.

The project is now working acceptably. An attempt

is made Lo yse the audio arnplifier on the AIB to
boost the output signal. It is deLermined that :.:
signal is ent.ering the op-amp, but is distorted.
This distortion varies greaLly with the

potentiomet,er sett.ing at the input t.o Lhe op-amp.

There is no output from the amplifier at all.
Fortunatery, the filtered D/A output is sufficient
to drive my home stereo with no undesireable

effects. Finally, I thought. that it would be nice
to have the synthesizer play more than one single
note at a time. And since Christmas is upon us, I
wished to have the synthesLzer play a Christmas

carol. I begin to write a sequencing program in
the hopes that it will be ready in time for the

project present.ation or at least bv Christmas.


