





































































































































































































































































































































































































APPENDIX D
BNF SYNTAX SUMMARY

This appendix summarizes the syntax for the SPAC20 Compiler using Backus Naur
Form (BNF). The vertical bar means a choice among alternatives. Asterisk means
the optional item (in square brackets) may be repeated any number of times.

Command Summary

<top-level comnd> ::= <define macro comnd>

| <remove macro comnd>
| <comnd>

<comnd> ::= <compound comnd> | <simple comnd>
<compound comnd> ::=<if comnd>
| <repeatcomnd>
| <countcomnd>
<simple comnd> ::= <display pole/zero comnd>
| <define pole/zero comnd>
| <move pole/zero comnd>
| <remove pole/zero comnd>
| <list filter response comnd>
| <graph filter response comnd>
| <display gref comnd>
I<change gref comnd>
| <display bounds comnd>
| <setbounds comnd>
| <display filter response function comnd>
| <display scale comnd>
| <setscale comnd>
| <display code comnd>
| <code comnd>
| <display comnd>
| <change comnd>
| <define symbol comnd>
| <display symbols comnd>
| <remove symbols comnd>
| <evaluate comnd>
| <display file comnd>
| <putfile comnd>
| <append file comnd>
| <inciude comnd>
| <listcomnd>
| <write comnd>
| <help comnd>
| <exitcomnd>
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| <macro invocation comnd>
| <display macro comnd>

| <dir macro comnd>

Expressions

<exp> ::=<boolean term> [<or op><boolean term>]*
<orop>::=0R | XOR
<boolean term> ::= <boolean factor> [AND <boolean factor>]*
<boolean factor> ::= {[NOT] <boolean primary>
<boolean primary> ::= <arith exp> [<ref op> <arith exp>]
<relop>:=< | > | <=]>=1=]<
<arith exp> ::= <arith term> [MASK <arith term>}*
<arith term> ::= <term> [<plus op> <term>]*
<plusop>u=+ | -
<term> ::=<factor> [<mult op> <factor>]*
<multop>:=* | / | MOD
<factor> ::= [<plus op>] <secondary>
<secondary> ::= <primary> [** <primary>]
<primary> ;= (<exp>)

| <function> (<exp>)

| Pt | TPI | HPI

| <numeric constant>

| <symbolic ref>

| <keyword reference>

| <filter response function>

| <pole/zero reference>
<function> ::=SIN | COS | EXP | LOG | SQR | ABS | TAN | ASIN | ACOS | ATAN
<numeric constant> ::= <digit> [<digit>]* [<radix>]

| [<digit>]* . <digit> [<digit>]* [<radix>]

<digitbz=0]1]21314151617181°9
lalB|ICIDIEIF

<radix>:=B | D | H

<symbolic ref> ::= <symboi>

<symbol> ::=.<identifier>

<partition> ::=<arith exp> [THROUGH <arith exp>]

Keyword References

<key\ivord reference> ::=TS | XSIZE | YSIZE | MAGAIN | MSQE | MERROR | INST
ERROR

Filter Design Commands

<display pole/zero comnd> ::= <poles and zeroes>
<poles and zeroes> ::= <pole/zero> [<partition>]

| Pz
<pole/zero> ::= POLE | ZERO
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<define pole/zero comnd> ::= DEFINE <pole/zero> <arith exp> = <exp>, <exp> [, <plane>]
<plane>=CONTINUOUS | TS | Z
<move pole/zero comnd> ::= MOVE <poles and zeroes> <movement>
<movement> ::= TO <exp>, <exp> [, <plane>]
| TO<plane>
| BY <exp>, <exp>
<remove pole/zero comnd> ::= REMOVE <poles and zeroes>

<pole/zero reference> ::= REAL ( <pole/zero> <arith exp> ) | IMAG ( <pole/zero> <arith
exp>) | RADIUS (<pole/zero> <arith exp>) | ANGLE (<pole/zero> <arith exp>)

<list filter response comnd> ::= <filter response>
<graph filter response comnd> ::= <graph/ograph> <filter response>
| GRAPH
<graph/ograph> ::= GRAPH | OGRAPH
<graph/ograph bounds comnd> ::= <graph/ograph> LBOUND | <graph/ograph>UBOUND
<filter response> ::= GAIN
| AGAIN
| GERROR
| PHASE
| GROUP
| STEP
| IMPULSE
<display gref command> ::= GREF
<change gref command> ::= GREF = <exp> AT <exp>
<display hold comnd>::= HOLD
<change hold comnd> ::= HOLD ON | HOLD OFF
<display bounds comnd> ::= LBOUND | UBOUND | BOUNDS
<set bounds comnd> ::= LBOUND = <piecewise linear bound>
| UBOUND = <piecewise linear bound>
<piecewise linear bound> ::= <bound> [, <piecewise linear bound>]
| <bound>,, <piecewise linear bound>
<bound> ::=<exp> AT <exp>
<display filter response function comnd> ::= <filter response function>
<filter response function> ::= GAIN (<exp>)
| AGAIN (<exp>)
| GERROR (<exp>)
| PHASE (<exp>)
| GROUP-{<exp>)
<display scale comnd> ::= FSCALE | YSCALE
<set scale comnd> ::= FSCALE = <exp>, <exp> [, <exp>}*
| YSCALE =<yscale setting>
<yscale setting> ::= <exp>, <exp> | AUTO
<display code comnd> ::= CODE
<code comnd> ::= CODE <pole/zero> <arith exp> <pz constraint>
| CODE <multiplication> <muitiplication constraint>
<multiplication> ::= <y identifier> = <primary> * <x identifier> [ + <y identifier>]
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<x identifier> ::= <identifier>

<y identifier> ::= <identifier>

<pz contraint> ::= [INST < <exp>] | MSQE < <exp> [, INST < <exp>]
| MERROR < <exp> [, INST < <exp>]
| PERROR < <exp>, <exp> [, INST < <exp>]

<multiplication constraint> ::= [INST < <exp>]
| ERROR < <exp> [, INST < <exp>]

Interrogation and Utility Commands

<display comnd> ::= <keyword reference>
| <symbolic reference>
<change comnd> ::= <keyword reference> = <exp>
| <symbolic reference> = <exp>
<define symbol comnd> ::= DEFINE <symbol> = <exp>
<display symbols comnd> ::= SYMBOL
<remove symbols comnd> ::= REMOVE <symbolic ref list>
| REMOVE SYMBOL
<symbolic ref list> ::= <symbolic ref> [, <symbolic ref>}*
<evaluate comnd> ::= EVALUATE <exp>
<display file comnd> ::= DISPLAY <path name>
<put file comnd> ::= PUT <path name> [<file object>] [,<file object>]*

<append file comnd> ::= APPEND <path name> [<file object>] [,<file object>]*

<file object> ;= PZ | BOUNDS | SYMBOLS | MACROS | CODE
| <strings and exps>

<strings and exps> ::= <string or expression> [, <string or expression>]*

<string or expression> 1= <string> | <exp>
<include comnd> ::= INCLUDE <path name>
<listcomnd> ::= LIST <path name>
<write comnd> ::= WRITE <strings and exps>
<help comnd> ::= HELP [<help request>]
<help request> ::=<help item>

|+
<help item> ::= <identifier>
<exitcomnd> ::= EXIT

Compound Commands and Macros

SPAC20 Compiler

<if comnd> ::= IF <exp> [THEN] <cr> <true list> [ORIF <exp> <cr> <true list>]* [ELSE <cr>

<false list>] END

<true list> ::= [<command> <cr>]*

<false list> ::= [<command> <cr>]*

<cr> = carriage-return | line-feed

<repeat comnd> ::= REPEAT <cr> <loop list> END
<count comnd> ::= COUNT <exp> <cr><loop list> END
<loop list> ::= [<loop element> <cr>}*
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<loop element> ::= <command> [ <loop exit>

<loop exit> ::= WHILE <exp> | UNTIL <exp>

<define macro comnd> ::= DEFINE MACRO <macro name> <cr> <macro body> EM
<macro name> ::= <identifier>

<macro body> ::= [<command> <cr<]*

<macro invocation comnd> ::= :: <macro name> [<actual parameter list>]
<actual parameter list> ::= <actual parameter> [, <actual parameter>]*
<actual parameter> ::= <limited token> * | <string>

<limited token> ::= any token except <cr>, <string>, or *‘,”’

<remove macro comnd> ::= REMOVE MACRO [<macro list>]

<macro list> ::= <macro name> [, <macro name>]*

<display macro comnd> ::= MACRO‘[<macro list>]

<dir macro comnd> ::= DIR MACRO

BNF Syntax Summary






SYNTAX CHARTS

APPENDIX E

Table of Sample Commands to Define, Display, or Remove Objects from
Compiler Tables

One Symbol

One pole
or zeros

One Macro

Several Symbols

Several poles
or zeros

Several Macros

ALL Symbols
ALL poles
ALL zeros

ALL poies
and zeros

Ali Macro Names
ALL Macros

Defining an Object into a Table

Displaying Part or

Removing an Object from a Table

All of a Table
DEFINE .NAME__1=3 NAME_1 REMOVE .NAME__1
DEFINE .NAME__2= .NAME__1+1 .NAME__2 REMOVE .NAME__2
DEF .NAME__3=.NAME__1*.NAME__2
DEF POLE 2= -5, 450, TS POLE 2 REMOVE POLE 2
DEFZERO2=1/2,100,2Z ZERO 2 REM ZERO 2
DEFINE MACRO JP MACRO JP REM MACRO JP

XOXOX0XO0X
XOXO0X
EM

Requires multiple commands

Requires multiple commands

Requires multiple commands

Requires multiple
commands

POLE 1 THROUGH 5

MACROS JP, RQ, TEN

SYMBOLS
POL

ZER

Pz

DIR MACROS
MACROS

REM .NAME__1,.NAME __2, NAME__3

REM POLE 1 THROUGH 3

REM MAC RQ, TEN, FEEDER

REMOVE SYMBOLS
REM P

REM Z

REMOVE PZ

REMOVE MACROS




Syntax Charts

SPAC20 Compiler
( HELP command j—\ ! >
» D%FllNE orI REMOVE ) *3,4
< symbols, poles, or zeros >
~( h or set ¢¢ d ) '3 -
. N J
( MOVE command ) 4 -
( disptay commands ) :3 >
——
( GRAPH commands ) 26 >
———-P‘ file commands )——— 8 -
( CODE command j—\ 7 -
q *9
e IF and loop control cc )
L J
——-—-—->C MACRO d j\ 2 >
( EXIT command \F ‘8 o
* chapter where di d
Commands 121533-01
— G
—
(36 help items are
displayed when HELP _>®——>
is entered; see Appendix A)
HELP Command 121533-27
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unsigned
> decimal
constant

unsigned
hexadecimal

constant

unsigned

binary
constant

Numeric Constant

System Constant

Syntax Charts

A

BT,

Unsigned Hexadecimal Constant

v

?
l

-0

Unsigned Binary Constant

o

Unsigned Decimal Constant

121533-06
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L > ( xsize
(" vsizE
L MaGAIN

i
— oz )—
(" MERROR
—
L ( ErrOR

Keyword References

Symbolic References

frequency
response

time
response

—
w
—( ImPULSE r

SPAC20 Compiler

4——> © SIN
D
> cos
G
—> TAN }
. .

EXPonentiation and LOGarithms
1o the base e = 2.718281

’ ( ) > Functions 121533-28

1215633-08

—CED—
G

y
3 |——3( GERROR “——->

-G
—Conove )—

>

—CG—,

~Frequency Responses, Time Responses 121533-09
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—CED—
D — G

— —()— — @ewremese)— ()~
i ZERO

Coordinate (Pole/Zero Expression) 121533-43
O
O~
N @ @D OO @D D @D
O ~C O~
i LD
D O~ -
—~C )
LD~
Expression 121533-26

—O—

‘“ ~‘ primary , > T, »

GO GO @D

An integer-expression is an arithmetic-expression which
evaluates to aninteger.

Arithmetic Expression 121533-07
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——»C numeric constant \r 2 -
( symbolic reference ) '3 -
( keyword reference } -3 >
= > C function (expression) ) 25 >
‘ filter response (expression) \' 'S -
*2,9
( (expression) \' 2 >
—»( coordinate (pole/zero-expr n) ) ‘9 .
* chapter where discussed
Primaries 121533-04
integer \ o
. expression /] T
LC THROUGH int-exp )_,
Partition 121533-05
_.__.( Ts = )_4-
—>C expression } - -
——>( YSIZE = )——'5—>
h £ *3
> =
e )
———>( FSCALE = ) ‘6 | Qs expressi )
—>( .expression )——
4
(opresson errssion )—
-—»( YSCALE = )__i_, -
—»( AUTO )—1
———>C GREF = )—:5————>(expression AT exp! )
( UBOUND = }’ ( p ion AT exp } > >
e I.S—y
— ) Y
\J

( LBOUND = >—> - l‘
* chapter where discussed « < _ )

The Change Commands

E-6

121533-02
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T

exp
G ==
—»{ DEFINE

-»@—-»I identifier 1—»( =exp ) >

L ( macro )—»Qdeniifiercr) - @—>
- @)

- \

> POLE
integer _,( = exp, exp } ]

gh

——b-‘ PZ >

{ i
L

——»‘ MACRO }— > »
—»{ REMOVE \
r>‘ macr } >

\
—O-
> ( SYMBOLS >

r“ » identifier ,‘ T

(!
N\

Full DEFINE and REMOVE 121533-10

A
=<
:
\

~CGE- -G LG
‘ Pz rL > ( exp, exp >

MOVE Command 12153315



Syntax Charts

—-»( keyword reference }
—>.( symbolic reference \
J
i C SYMBOLS )
J
———-—-»( FREQ-response }
J
—»( TIME-response )
J

SPAC20 Compiler

*3

l—»( (expression) )_l

*5

‘5

= (=

)

C =~

——»( PZ

*
&

*
w

-——-—————»( GREF

FSCALE

|
i

—-»( YSCALE

LBOUND

UBOUND

|

BOUNDS

——" CODE

|

E— ( EVALUATE expression

-——P( DISPLAY filename

——-——-—-‘b( DIR MACRO

————F( MACRO

|
haRRR53293%

* chapter where discussed

Display Commands

p—
*6
7
L .3
- 9 -
C macroname b—»
O-
121533-03
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OGRAPH -

—»{ LBOUND
—>{ UBOUND
D

 CEED o

‘ GRAPH >

GRAPH/OGRAPH

—»( DISPLAY

> ust )—»-»( pathname )—
- o)
> PUT
—b—‘ path )
-»{ APPEND
) ~(=
y
~ - G-
N D
N
Y
L G-
- { ’ ’
\ ‘ string }-»
\—b‘ WRITE } >
‘ expression >—>
File Commands

Syntax Charts

121533-25

121533-24
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> POLE
> ZERO

~GE

-G
L‘ ident = prim*ident ;

SPAC20 Compiler

>

‘ int exp 'l

~
¥

—>< PERROR < exp, erxp;

MERROR <

L>(|wsms<

La{ INST <exp

—»{ ERROR<

@— INST < exp '—b

—>‘ IF exp }
L THEN

REPEAT

COUNT int exp

E-10

CODE Command 121533-16
> der > y END
= L=
IF Command 121533-22

B ]
command
I-b@—— WHILE
&0
UNTIL
REPEAT/COUNT

~Cae D

121533-23
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— (OEFINE MACRO ) (identifier cr }- >

Syntax Charts

1 “ command cr>

DEFINE Command for Macros

121533-19

—>| macroname I =
limited token
A |

=

Invoking Macros

—»(DIR MACRO

Macro Directory

REMOVE MACRO

— P

121533-20

121533-21

» { macroname
3
-__®<_—

macroname .= an identifier appearing as above in a legal
define-macro command

Remove or Display Macros

121533-21






APPENDIX F
SOFTWARE INSTALLATION
PROCEDURE

Software Installation Procedure

The two modules of system software that support interactive development of signal
processing programs for the Intel 2920 chip are the Intel Systems Implementation
Supervisor (ISIS-1I) and the SPAC20 software module. If the iSBC 310 math board
is to be used, it should be installed as if to run FORTAN. (See the manuals listed in
the Preface.)

SPAC20 Compiler Files

The SPAC20 Compiler consists of ten files, SPAC20.SFT, SPAC20.HRD,
SPAC20.0VH, SPAC20.0V0 through SPAC20.0V5, and SPAC20.0VE. The first
two represent different versions of the Compiler: SPAC20.HRD provides faster
computations by taking advantage of the iSBC-310 math board, which must be
present if this version is used. SPAC20.SFT performs the math functions in soft-
ware. One of these two files should be renamed to SPAC20, using ISIS-II, e.g.

RENAME : F1:SPAC20.SFTto :F1:SPAC20

The file SPAC20.0VH contains the help messages, which allows the Compiler to
interactively give information about individual command syntax and options
interactively, complementing the data in this manual. The help messages are
described below and are reproduced in full in Appendix A. This file should be
accessed only by the Compiler.

The file SPAC20.0OVE contains the error messages. SPAC20.0V0 through
SPAC20.0VS5 are overlays called by SPAC20 (SFT or HRD). There is also a macro
file on the disk, SPAC20.MAC, containing the example macros shown in Chapters
10 and 11. If you wish to copy all the files to a backup diskette, you can use the term
SPAC20.* (see ISIS manual). Specific macros can be edited into separate files for
later INCLUDE commands.

The Compiler can be invoked by typing the drive and file name after the ISIS
prompt. For example:

-:F1:SPAC20
The Compiler will sign on with the message:

ISIS-112920Signal ProcessingApplicationsCompiler, V1.0
*

You enter your commands to the Compiler one per line, and terminate each with a
carriage-return. You may include comments by preceding them with a semicolon.
Commands may be continued by typing an ampersand prior to both the carriage-
return and the comment field (if any) of the line to be continued. Characters
between the ampersand and the line terminator (carriage-return or line-feed) are
ignored, and the ampersand is treated as a space. Each input line may contain no
more than 120 characters before the line terminator.

The ESCape key cancels the current activity and returns control of the Compiler to
you. This applies to partially typed commands or commands in progress, including a
macro or compound command.
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All command keywords can be abbreviated to their first three characters, e.g., APP
for append, or DEF for define. Many frequently used command keywords have
single character abbreviations, such as P for pole, or Z for zero. Appendix B shows
all keywords and their legal abbreviations.

The EXIT command returns control to ISIS, ending the present use of the SPAC20
module:

*EXIT

ISIS-1l and SPAC20 Diskette

The Intellec system uses the diskette hardware and ISIS to provide a powerful,
convenient microcomputer development tool. ISIS interfaces to the diskette hard-
ware and to any other standard peripheral device. You communicate with ISIS-II by
entering commands on the system console or by embedding system calls in programs
that will run in an ISIS environment. ISIS enables rapid storage and retrieval of files
on diskette.

Diskette files containing SPAC20 parameters or 2920 assembly language source
code can be read or written during a SPAC20 design session. The main purpose of
ISIS during setup and interactive development is to provide the 1/0 interface to the
console and files on diskette. To begin a SPAC20 session, you must first boot ISIS
and then load the SPAC20 software module. The process for booting ISIS is fully
described in the ISIS-II System User’s Guide and summarized below.

Loading ISIS and the SPAC20 Software Module

After installing all hardware and turning on power to the console, disk drives, and
Intellec Series I, the following steps will load ISIS and SPAC20 (the full procedure
and notes are in Chapter 2 of the ISIS-II User’s Guide:

Place system diskette in drive 0 and close drive door.
Press top half of boot switch on Intellec front panel.
Press top half of reset switch on that panel.
After interrupt light 2 goes on, press space bar.
After the light goes off, press bottom half of boot switch.
After receiving the ISIS sign-on message and prompt
—ISIS-IIVn.n
you type:
—SPAC20

—- 0 a0 o

If the diskette containing the SPAC20 module is not a system diskette, mount it
in drive 1 instead of drive 0 and boot ISIS from a separate system diskette in
drive 0. Then, at this point, type :F1:SPAC20 (to load the SPAC20 module
from drive 1) followed by a carriage return. The SPAC20 module will sign on
and you are ready to continue.

If ISIS fails to sign on, recheck that all boards and cables are correctly installed and
firmly seated, then perform the above procedure again.



SPAC20 Compiler

Software Installation Procedure

If you have an Intellec Series 11, there are slight variations in the above procedure.
This is what you must do:

a.

Turn on power to Intellec Series II and to disk drives. Press square white on/off
button in the lower right-hand corner of front panel. It is a two-position switch;
it lights up if you have pressed it correctly.

Note that this message appears:
SERIESII, MONITOR, Vn.n
Place system diskette in drive 0 and close door.

Press reset button that is to left of the on/off button. Note that drive light is on
to indicate that information is being accessed.

After receiving the ISIS sign-on message and prompt
—ISIS-IIVn.n

you type:
—SPAC20

If the diskette containing the SPAC20 module is not a system diskette, mount it
in drive 1 instead of drive 0 and boot ISIS from a separate system diskette in
drive 0. Then, at this point, type :F1:SPAC20 (to load the SPAC20 module
from drive 1) followed by a carriage return. The SPAC20 module will sign on
and you are ready to continue.

If ISIS fails to sign on, recheck that all boards and cables are correctly installed
and firmly seated, then perform the above procedure again.
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APPENDIX G
CODE SUBMISSION TO THE
AS2920 ASSEMBLER

Since the Assembler uses the ISIS-II keyboard and file capabilities, ISIS-II must be
loaded before invoking the Assembier. The full procedure for this is given in the
ISIS manual named in the Preface. Once ISIS-II is present, you can enter the Editor
to key-in or modify the source text of your Assembler program.

You need to finish five tasks before invoking the assembler:

1. create the front-end analog-to-digital signal acquisition code, using the Editor.
For this you need to learn the commands and rules for editing and file
manipulation under ISIS-II, and the analog instructions of the AS2920
Assembler.

2. scale the signals entering each stage of the filter. For this you need to have a
fairly clear idea of the expected original input signal, and to understand the
techniques and warnings in Appendix J on scaling. Again you use the Editor (or
APPEND commands) judiciously to create the required code (usually simply
right shifts of already coded instructions) to precede successive stages.

3. create the digital-to-analog code to output the results of the filter’s
manipulations, again via the Editor and appropriate Assembler commands.

4. review the code files you now have. You may see an opportunity to combine
analog instructions with arithmetic operations, as described in the Assembler
manual.

S. create a single program file for submission to the assembler, by copying each
existing file in order to the new master. If there were nine such code files, this
step might use two ISIS-II COPY commands to effect its purpose:

COPYA_TO_D.INP, SCALED.ST1, STAGE2.SCA, ST3SCA.LED, &
STAGE4.CODTO TEMP

COPY TEMP, ST5.C0D, ST6.SCA,STAGE7,D_TO_A.OUT TOMASTER

(see ISIS-Il manua! for complete discussion of the COPY command.)

After developing and editing the program into a form ready to test, you can invoke
the Assembiler as described below.

The AS2920 Assembler may reside on the ISIS-II system diskette or on a non-system
diskette. You load the assembler by entering a command that names the Assembler
and specifies the source file. You may also name the list and object files, but you
don’t have to. Control options may also be specified as part of the command.

After the assembler goes into execution, all assembler operations specified are
performed without further intervention. If the invocation line has an error, the error
is reported and you must retype the commands. You may use upper or lower case
indiscriminately. The assembler converts all to upper case for its own use, except for
echoing back what you typed exactly as it was.

Example:

-AS2920 FILTER.COD

(After an ISIS-II prompt, shown here as a dash, you type the command as shown to
assemble your source program, which is here assumed to be in the file named
FILTER.COD. Assembly listing and object code files will be output to
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FILTER.LST and FILTER.HEX, respectively. In addition, a symbol table listing
will be suppled, and the symbol table debugging output to the object file is sup-
pressed. These defaults are automatic when you do not specify any controls. It is
exactly as if you had typed (on one line only)

-AS2920 FILTER.CODPRINT (FILTER.LST) LISTOBJECT (FILTER.HEX) SYMBOLS
NODEBUG PAGING PAGEWIDTH(120) PAGELENGTH(66)

All but the last two options have opposites beginning with NO, like NODEBUG,
whose opposite (however) is DEBUG. So you can say NOPRINT, NOLIST,
NOOBJECT, NOSYMBOLS, or NOPAGING.

All options are discussed in the AS2920 Assembler manual. Briefly, options
beginning with NO suppress the indicated action. PRINT establishes a file for the
listing of your program. LIST creates that listing. OBJECT creates the 2920

. machine code for your program and stores it in a file. SYMBOLS lists the names you

used and their established RAM locations. DEBUG puts the symbol table out to the
object file for your use in debugging via the Simulator. The page-related options
specify how you’d like to see the listing output. Pages of 66 lines of 120 characters
are the default format.

After running the one assembler pass and completing assembly listing and object
output, the assembler outputs a sign-off message and summary:

ASSEMBLY COMPLETE
ERRORS = XXXX
WARNINGS =XXXX
RAMSIZE =XXXX
ROMSIZE =XXXX



APPENDIX H
DESIGN OF COMPLEX DIGITAL
FILTERS USED IN THE 2920

Review of Continuous Analog Filters

Analog filters have been in use for many years for a variety of signal conditioning
and modifying operations. Originally, most filters were realized with resistors,
inductors, and capacitors. More recently active circuit techniques have allowed
elimination of most inductors, which tend to be large and may have linearity and
coupling problems. Digital filters, such as realized with the 2920, have
characteristics which resemble their analog counterparts. As a result a review of
analog filter design and analysis may be of assistance to the reader.

Complex networks of R-L-C (resistor-inductor-capacitor) elements are usually
analyzed using complex variable techniques. A complex variable S is used to
describe frequency, with a pure sinusoidal waveform of frequency f corresponding
to

s=j*2xnxf, where = /-1

Each of the elementary RLC components has a voltage-current relationship which
can be described by a simple equation:

v=Ri; foraresistorofresistanceR
v=sLi; foraninductorof inductancel
v=(1/sC)i; foracapacitorofcapacitanceC

The complex network is analyzed by using these relationships and the fact that the
sum of all currents into a node must be zero, and the sum of voltages around any
loop must add to zero. A set of equations is derived from the network topology, and
solved to relate output voltage to input voltage, or some other relationship of
interest. When such equations are solved for networks with finite numbers of
elements, the result will take the form of the ratio of two polynomials in complex
frequency s: ;

Vout Z(s) (s=z9) (s-2z,) (s-23) ---- (s-z,)

P(s) (s-py) (s-py) (s-p3) ---- (s-p,)

The transfer characteristic H(s) is the ratio of network output voltage vy to input
voltage vi,, and the two polynomials are designated Z(s) and P(s) respectively. Once
the transfer characteristic has been found as the ratio of these two polynomials, they
may be factored into the form above. In Equation 1, the coefficients designatged z;,
7,..., Zy are called the zeros of the transfer characteristic and the coefficients py,
D2s..., Pn are known as the poles of the transfer characteristic. The letter m literally
designates the number of zeros, and n designates the number of poles, or,
equivalently, m represents the order of the polynomial Z(s) and n represents the
order of polynomial P(s).

The coefficients of the original unfactored polynomials Z and P must be real if the
filter is to be made from ‘‘real’’ components. This also means that if any of the zeros
z; or poles p; is complex, then there will be another zero or pole present, representing
the complex conjugate of z; or p;. Each pair of factors corresponding to a complex
conjugate pair of poles or zeros may be combined to result in a quadratic term with
real coefficients. The frequency response of such a filter may be found by
substituting the value j2nf (where j is the square root of —1) for the value of s. The
complex value of the gain expression contains both amplitude and phase
information.
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The development of operational amplifiers has made possible filter realizations
which use only resistors and capacitors. These filters usually consist of a cascade of
stages, with each stage realizing a single real pole or a complex conjugate pole pair.
Zeros are realized by interconnections between the stages realizing the poles. Such a
network may be designed by factoring the polynomials describing the desired
transfer characteristic, and then putting the poles into an order that groups the
complex conjugate pairs separately from the real poles. Each complex conjugate
pair is realized by a separate stage. Real poles may or may not need to use a separate
stage. :

Impulse Response Analysis

The description above mentioned how the frequency response of a filter may be
determined by solving for the polynomials in complex frequency s. However, an
alternate description of a filter is its impulse response, i.e. its response to a single
impulse stimulation.

The impulse response of a filter may be used to determine the response to a more
complicated wave form by treating that wave form as a sequence of impulses of
varying amplitude. The individual responses are accumulated, a process known as
convolution, which is described by the equation:

t
y(t) f/ h(1) x(t—7) dr EQ.2
0

where h(1) is the impulse response of the filter, x(t) is the input, and y(t) the output
of the filter at time t.

The impulse response of a filter may be found from the complex frequency
polynomial ratio using Laplace transforms.

Using Partial Fractions

One convenient method for finding impulse response consists of first expanding the
polynomials as a series of partial fractions, P(s) is first factored into quadratic
terms, corresponding to complex conjugate pole pairs, and first order terms,
corresponding to real poles. The expansion is then developed using the factors, i.e.

P(s) = (52+a1 S+b1) (Sz"’az S+b2) (--.)...(S+A1) (S"’Az)...(-..) EQ.3

Z(s) A1S+B1 A2$+32 “ e R1 R2
=--= = Ay ¥ —------- + ——————— + + === + ————— EQ.4
P(s) s2+a,s+by s2+a,s+b, s+ry s+r,
NOTE
Multiple poles with the same value require a somewhat different form of
expansion.

SPAC20 Compiler
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Each term in equation 4 is then replaced by its transform, often drawn from a table
such as Table I:

Table H-1. Laplace Transforms

Frequency domain term Time (impulse) domain term

F(s) f(t)

A Impulse of weight A

A Step of amplitude A
s
R Re-rt

s+r

B-aA/2
As+B e 2t/2 I pcos/b-a2/4 t) + ————— sin@hb?2-a?/b4 t)
s2+as+b b2-a2/4

The overall impulse response of the filter is the sum of the impulse responses
represented by each of the individual terms in equation 4. As a result, the impulse
response of any filter consisting of a finite number of RLC components will
normally consist of a sum of exponentials and exponentially decaying sinusoids.

Canonical Forms of Digital Filters

A band-limited signal may be completely reconstructed from discrete samples of its
values. As long as a signal is maintained in a band-limited form, it is possible to
perform arithmetic operations on samples of the signal yielding results equnvalent to
arithmetic operations performed on the continuous signal.

The processed samples may then be used to reconstruct the equivalent modified
continuous signal. As long as the operations performed are linear, i.e.

F(x+y) =F(x) +F(y) ; whereFistheoperation

then a band-limited signal will retain its band-limited nature throughout the pro-
cessing. Digital filtering consists of processing digitized samples of signals in a
manner similar to the methods for realizing continuous analog filters.

Figure 1 is a block diagram of a digital filter module. Each block labeled z~! is a unit
delay, i.e. a delay of one inter-sample interval. The other blocks are multipliers (X)
and adders (Z). The values Ay, Aj, A,, B, and B, are coefficients which determine
the behavior of the module.

H-3
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Figure H-1. Digital Filter Module (Second Order Section)
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The stage shown in Figure 1 behaves in a manner analogous to a continuous analog
stage which realizes a complex conjugate pair of poles. For example, if the structure
initially has values Y1 and Y2 equal to zero and is excited by a single impulse (i.e.
one sample of unit value followed by zero-valued samples), the output may take the
form of samples of an exponentially decaying sinusoid. The impulse response of the
stage may be expressed as:

h(0) = D+A

h(iT) = e-eiT Acos (BiT) +Bsin (BiT) fori>0
when By = 2e72T cos BT

52 = -g-2aT

Ay = D+A

A, = -(2D+A)e ?Tcos T+ Be @ TsinfT

A2 = De -2aT

LAO

¥
©)

te,

Figure H-2. Digital Filter Module (First Order Section)

1215633-35
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The diagram of Figure 2 corresponds to a stage realizing a single real pole. Its
impulse response takes the form:

h(0) = D+A

h(iT) = Ae-eil
when

B4 = e-aT

Ay = D+A

Ay = -pe-aT

From the equations, it can be seen the impulse responses consist of (optional) initial
delta functions, followed by a series of samples which are equivalent to having
sampled an exponential decay, or an exponentially decaying sinusoid.

Therefore, if we have a continuous filter F1 that has an impulse response which
consists of a sum of decaying exponentials or esponentially decaying sinusoids, we
can realize a digital filter F2 that has an impulse response whose values at each
sample time are identical to those we would expeci from F1. This impulse response
may be achieved by building a network of the structures shown in Figures 1 and 2,
and summing their outputs.

This procedure defines a type of transform from the continuous domain to the
sampled domain, that is, the sampled domain structure implements an impulse
response equivalent to having sampled the impulse response of the corresponding
continuous filter. This transform is known as the “‘impulse invariant’’ transform,
and is one of several which may be used to relate the sampled world and the
continuous world.

Because of the nature of the sampling process and the corresponding frequency
folding about the sample rate, it is not possible for a digital filter to duplicate exactly
the characteristics of a continuous analog filter. As the frequencies of interest
approach and exceed half the sample rate, the frequency characteristics of the digital
filter differ radically from those of its continuous counterpart. These differences
may be shown by solving for the frequency response of the second order digital filter
section as shown below:

Ag+ Ay (cos wT-j sin wT) +A, (cos 2wT-j sin 2wT)

FGjw) =
v 1-B, (cos wT-j sin WwT) -B, (cos 2wT-j sin 2wT)

Note that a periodic function of frequency results, unlike the continuous case.

Sampled systems can be described as functions of a complex variable z, where z=esT
and T is the inter-sample interval. In Figure 1, each of the blocks labeled z-1
corresponds to a unit delay of time T. It is possible to describe the characteristics of
the block diagram of Figure 1 as a ratio of polynomials in z or z-1.

Consider the case of a continuous analog filter where one stage realizes a single
exponentially decaying sinusoid. Just as such a structure corresponds to a single pair
of complex conjugate poles, the diagram shown in Figure 1 is capable of realizing a
single exponentially decaying sinusoid and corresponds to a single complex
conjugate pair of poles in the complex z plane. Figure 3 shows a plot of the
frequency response of the typical second order continuous section, and, for com-
parison, that of a second order sampled section, for the case where the impulse
invariant transform described above was used.

H-5
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Figure H-3. Comparison of Digital and Continuous Frequency Response 121533-36

Matched Z Transform

Another method for converting from the s-plane to the z-plane is known as the
matched z transform. This method is simply a technique for mapping each pole or
zero of the s-plane to a corresponding pole or zero in the z-plane. A pole or zero at
a+ jb on the s-plane is transferred to a pole or zero at e(2+ib)T on the z-plane, where
T represents the sample interval in seconds. In polar coordinates, this z-plane
location is (eaT, bT). The equations for the coefficients are shown below:

Second order sections for a continuous pole pair —axjb in the s-plane

By=2e"2Tcos bT

BZ = -g-2aT
for a continuous zero pair at —a+jb

Aj=2Age"aTcos bT

A, = Aoe-ZaT
First order section

forareal poleat-a
81 = e'aT
forareal zeroat-a

A1 = "Aoe'aT

This transform is not guaranteed equivalence in either frequency or time domains,
although pole positions correspond to the impulse invariant transform. The
transform is sometimes useful for conceptually estimating the influence, on the
resulting filter characteristic, of moving the poles or zeros. In general, it is easier to
predict the impact on frequency response of moving a pole or zero in the s-plane
than in the z-plane, because the s-plane axes are more directly related to frequency.

H-6
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The matched z transform allows a one-to-one correspondence of poles and zeros in
the s-plane to poles and zeros in the z-plane. One use of this transform is therefore to
aid manipulation of the positions of poles and zeros in the z-plane in order to
achieve some desired frequency response.

Rather than attempt to do the complete design on the s-plane and then transform to
the z-plane to achieve the desired filter, the designer manipulates the poles and zeros
in the s-plane while observing the frequency response of the digital filter resulting
from the matched z transform. Once the desired characteristic is obtained, the
coefficients of the filter are determined by using the transform. This technique has
been implemented in the SPAC20 Compiler, and aids the empirical design of filters
when mixtures of continuous and digital filters are used.

NOTE

When dealing with complex frequencies in the s-plane or “TS”’ plane, the
SPAC20 Compiler accepts and displays values in Hertz, rather than the
traditional radians/sec of the s-plane. The equations shown here utilize the
radian/sec representation of frequency. If the frequencies are given in
Hertz, they must be multiplied by 2n to connect them to the radian/sec form
before use in the equations above

Bilinear Transform

This transform is a method for mapping the s-plane (jw) frequency axis into the
z-plane unit circle, such that the continuous s-plane frequency scale from DC to
infinity is mapped into a corresponding frequency range of DC to one-half of the
sample rate. Therefore, this transform distorts the frequency axis or the frequency
characteristics of the filter.

However, the transform does have the property that the shape of the frequency
characteristics of the analog filter is preserved with the exception of the frequency
distortion. It is common to pre-distort the characteristics of a continuous filter to
compensate for the transform’s distortions, and thereby implement a sampled filter
with a frequency response very closely resembling that of its continuous counter-
part. The equations for the bilinear transform are shown below. (A macro
implementing this transform, is available for use with the SPAC20 Compiler. It
appears in Chapter 10.)

Bilinear Transform Equations

The equations for the Bilinear Transform are:

S - 2 (1-z2-1 7 5 (2/T+8)
T (1+#2°D (2/17-8)

where T is the sampling interval.

Design of Complex Digital Filters Used in the 2920
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That is, given a polynomial expression (in s) for the transfer characteristic of a
continuous filter, a corresponding digital filter may be found by substituting

2 (1-z-M
T G+ D

for each occurrence of s, and then converting the resulting expression to a ratio to
two polynomials in z.

These functions map the jw axis of the s-plane onto the unit circle of the z-plane.
i.e. when

S = jQ
where Q is the analog frequency (in radians/sec)

_ . (2/T+jQ)

2= e or lilh =

The Bilinear Transform maps the point

Q
Q

0 to Z
© to Z

-1
and the entire left half plane into the unit circle.

A nonlinear distortion is produced by the mapping of the analog jQ axis onto the
z- plane unit circle. This distortion is given by the mapping

-1
Q = 2/T tan WT/2 W =—$ tan1(eT/2)

where @ is an analog frequency and W is a corresponding digital frequency in
radians/sec

As an example of using the Bilinear Transform, consider the design of a lowpass
digital filter with a cutoff frequency of f. (in Hz):

1) Convert f. to radians/sec and find the proper prewarping for the equivalent
analog filter:

Q. =_2 tan MeT

T 2

W, = 2nf,

2) Design an analog filter that will satisfy the given specification with a lowpass
cutoff frequency of Q. in radians/sec or Q./2n Hz. Express the transfer func-
tion as a ratio of polynomials in s.

3) Use the bilinear transform on the transfer function in s (obtained in step 2) to
obtain a transfer function in z, i.e., replace each occurrence of s with

2 (1-z7M
T (1+2°1)

The digital filter which corresponds to the z-plane expression from step 3 (figure 4)
will now have the desired cutoff characteristic.

SPAC20 Compiler
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Note that this transform may alter the number of poles and zeros involved. If poles
and zeros are independently transformed, redundant poles or zeros may occur.
Using this transform requires careful elimination of such redundancies.

Implementing Filters with the 2920

Once you have determined the locations of your filter’s poles and zeros in the
z-plane, converting this structure into 2920 code is relatively straightforward. In the
blocks of Figures 1 and 2, there are three basic operations performed to achieve
digital filtering action: a unit delay represented by the symbol z-1, and addition and
multiplication.

For time invariant filters, i.e. those for which the R’s, L’s, and C’s used are fixed
and stable with time, the multiplications performed will be of some variable Yi by a
constant represented by the values Ay, Aj, A,, By, or B;. The goal of the 2920
programmer is to implement these functions in a minimum of 2920 instructions.

The blocks labeled z-! correspond to unit delays, i.e. delays of one sample interval.
The sample interval is the time it takes for the 2920 to make one pass through its
program. The value on the output side of a delay block represents the value
computed at the block’s input on the previous pass through the program.

Design of Complex Digital Filters Used in the 2920
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The delay can be realized by a RAM location which retains the data from the
previous pass until it is needed. A single LDA instruction of the 2920 is sufficient to
implement a unit delay block. Figure 1 shows two delay blocks; thus two LDA
instructions and two RAM locations are required. These instruction have the form
shown below:

LDA Y2, Y1, ROO
LDA Y1, Y0, ROO

After executing these two instructions, the RAM location designated Y2 contains the
value of Y1 from the previous pass, and Y1 contains the value of YO from the
previous pass. To complete the filter realization, it is sufficient to complete the
calculations of the new value of YO from the current values of input, Y1, and Y2,
and then compute the output from YO, Y1, and Y2. The new value of YO involves
multiplication of Y1 and Y2 by the constants Bl and B2. The instruction set of the
2920 permits implementing these multiplications-by-constants as a series of addition
and subtraction steps.

In general, the coefficients are not realized exactly, but rather are approximated as
closely as necessary to meet the filtr specifications. This permits minimizing the
number of 2920 program steps required to realize the multiplications. :

Each ADD or SUB instruction of the 2920 can be thought of as adding a value to (or
subtracting it from) the destination operand (e.g. Y1 in the last instruction above).
The value used in that operation is the product of some power of two and the source
operand (e.g. YO in the last instruction above). There is a simple algorithm for
converting a multiplication by a constant into a series of additions and subtractions.
It consists of choosing, at each step, the particular power of two and the specific
addition or subtraction operation which will minimize the error, i.e. produce the
closest approximation to the desired value.

For example, consider the coefficient Bl = 1.8. The power of two that would most
closely approximate this value would be 21, or 2. This value may be realized with a
single 2920 instruction:

ADD YO, Y1, LO1

The error in realizing B1, after this step, would be 2—1.8=+0.2. If such an error is
too large, another 2920 instruction step is added. To reduce an error of +0.2, the
programmer subtracts the value 2-2 or 0.25 from the approximation, giving a net
approximation of 1.75 and an error of —0.05. If —0.05 is still too large an error, an
additional 2920 step equivalent to adding the source operand multiplied by 24 =
0.0625 can be added. A net approximation of 1.8125 results, with an error of
+0.0125. This process can be repeated until the coefficient is realized with adequate
accuracy for the filter requirements. A more powerful version of thig algorithm is
used in the 2920 Signal Processing Applications Compiler’s CODE generation
command.

Because there are two coefficients in the filter, two sequences of operations must be
defined as described above. As the procedure described performs an addition to the
destination location, it is necessary to initialize the destination location. This can be
done by clearing the location (e.g. by subtracting the location from itself) or by
converting an addition operation to an LDA and placing it as the first step of the
sequence. The last steps to realize the filter involve adding the weighted input
variable and computing the output. Procedures similar to those above are used for
the multiplications and additions needed for these operations.
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Some Practical Considerations

The procedures described above show how second order filter sections can be
realized. In selecting the gain for the filter, the user should consider the scaling of
the variables within the filter. Improper scaling can result in a number of problems.

If the variables are very small, it is possible that the 25-bit word width will not
provide enough resolution, and significant truncation noise will be introduced.
Because a second order filter of this type may perform the equivalent of integrations
in which results are obtained by summing many small values, roundoff error can
occur in unexpected ways.

If the variables are scaled too large, overflow saturation may result, with behavior
very similar to that occurring in an analog circuit when the signals exceed the
dynamic range of the amplifiers. However, an additional consideration may be
important in 2920 realizations of second order sections. As coefficient products are
developed by series of additions and subtractions, intermediate values may be larger
than those finally obtained. ‘

In general, it is necessary to provide sufficient margins when scaling input variables
to ensure that overflow saturation does not occur for intermediate values.
Sometimes the sequence of calculations can be ordered to minimize potential
overflow saturation.

A third method to prevent intermediate overflow saturation is to compute some
fraction of YO, restoring it to full value when it is transferred to Y1, such as shown
in Figure 5. This of course adds some noise to the final output, lowering the
accuracy somewhat.

The coding generated by the SPAC20 Compiler is already ordered and scaled in this
manner to minimize overflow. The user must still address the issue of scaling for
input and for signals propagated from earlier stages.

By/4

®\
(? -

By/4

Figure H-5. Method for Preventing Intermediate Overflow 121533-38
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(If overflow occurs, it will be when YO0 is increased and loaded to Y1.)

No additional instructions are necessary in general, because the extra multiplications
shown in Figure 5 can be performed by modifying the instructions of the original
realization.

When a filter consists of a cascade of second order sections, code can be saved by
performing any gain trimming calculations at just one point in the cascade.
However, to maintain properly scaled variables, the gain for the inputs to each stage
should be adjusted by the appropriate power of two. The proper scaling factor can
be determined by evaluating the maximum gain from the input to each point in the
cascade, starting with the first stage. The gain for the input to that stage is adjusted
to ensure that the overall gain does not exceed unity at any frequency. After each
stage is adjusted, the process is repeated for the next stage. See Appendix J for more
details.

Very Low Frequency Filters

As mentioned above, the processes occurring in the recursive second order section
are equivalent to integration. When very low frequency filters or filters with very
high Q’s must be realized, even the 25-bit word width of the 2920 may not provide
adequate protection from truncation error. In some cases it may be possible to
reduce the clock rate (and therefore sample rate) which will reduce coéfficient
precision requirements.

When other functions prevent reduction of the sample rate, or when the predicted

-value of clock rate must be lower than the minimum permitted by the 2920, alternate
programming techniques must be used. (The 2920 word size and the dynamic range
of the variables being processed establish a maximum ratio of sample rate to
frequencies of interest.)

For very low frequency filters, the effective sampling rate must be reduced or the
effective precision of the processor must be increased. One approach, extended
precision arithmetic, appears possible but cumbersome. When very low frequencies
are being used, the coefficients By and B, approach very closely to the values +2 and
—1 respectively. By realizing the filter as shown in Figure 6, the small terms B{—2
and B,+1 are isolated from the large terms and scaled upwards by some power of
two. The equivalent multiplications may then be done using single precision, which
is converted back to extended precision by a 2-n scaling.

Extended precision arithmetic may be executed using masks derived from the
constants, or by conditional additions. In either case, carries generated by the low
order word are added to the high order word to maintain carry propagation., The
carries may be simulated in one of the high order bits of the low order word, tested
via conditional operations or masking, and then removed by masking or conditional
addition of a negative constant. Table II shows an extended precision add routine.

Table H-2. Extended Precision Add Routine (48 Bit Precision) Technique
Uses Simulated Carry at 2nd Bit From Left of Low Order Word

ADD YL, XL, R0OO ; add low order word (25 bits + carry)
LDA  TMP, YL, R0OO
AND TMP, KP4, ROO
sSuB YL, TMP, RO00
ADD  YH, XH, R00
LDA TMP, TMP, Ri13
ADD  YH, TMP, R10

copy word to temporary location

mask off simulated carry bit

clear carry from low order word

add high order words

move carry to right - -

add carry to high order word
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When low frequency filters must be realized, it is in general more convenient to
reduce the sample rate rather than attempt to extend the precision of the variables.
The sample rate may effectively be reduced by using the conditional load operation
triggered by an oscillator run at a submultiple of the sample rate. The filter calcula-
tions go to completion every nth cycle. Such an oscillator can be realized by the
program shown in Table III.

Table H-3
; Oscillator
SUB 0SC, KP1, ROS ; subtractconstant KP1 from0SC
LDA DAR, 0SC, ROO ; movetoDAR forsigntest

LDA 0SC, KP3, ROO, CNDS ; re-initializeifnegativeto
ADD 0SC, KP3, ROS, CNDS ; 99 times KP1

; conditional filter implementation

LDA Y2, Y1, ROO, CNDS ; delayoccursonlyoncycling
LDA Y1, YO, ROO, CNDS ; ofoscillator

; remainder of filter calculations are done unconditionally - result is valid

; only on cycling of oscillator

The filter code generaiion may be done with the SPAC20 Compiler by using the
effective sample rate. To use this filter at the normal sample rate, the output code
must be edited to add the CNDS operations to the delay realization.

A constant value is subtracted from a RAM location on each pass through the
program. If (and only if) that operation causes the result to be negative, the condi-
tion for re-initializing the oscillator is met. A conditional load operation restores the
oscillator to a positive value. Thus the oscillator cycles at a submultiple of a sample
rate (at 1/100 in the Table 111 example.)

Design of Complex Digital Filters Used in the 2920
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The filter itself is realized using the same equations as are used in any second order
section, with the exception that the delay realization operations i.e. loading Y1 to Y2
and YO and Y1, are performed only on those program passes which re-initialize the
oscillator. Because the oscillator calculations only produce re-initialization every nth
cycle, a sample rate has been achieved equal to the 2920 sample rate divided by n.

On occasion, it may be desirable to operate one or more stages of the filter at a
higher sample rate than that of the 2920. For example, it may be possible to use a
lower cost external anti-aliasing filter by sampling the inputs at a higher than normal
rate, and performing some of the anti-aliasing using a digital filter stage operating at
this higher rate. Subsequent processing of the data is performed at the nominal rate
of the 2920.

One means for achieving the higher sample rate it to use two copies each of the
sampling routine and the anti-alias digital filter section. Figure 7 shows the impact
on the external anti-alias requirements obtained by using the double sample rate
technique. External anti-alias requirements may also be reduced for 2920 outputs by
the use of interpolating digital filters, i.e. filters which compute values between
successive samples.

Interpolating filters may also be realized by operating a filter stage at twice the
sample rate by using two copies of the program withinin the 2920. There are two
options for the input of such a filter operating at twice the sample rate. The same
input sample may be used for both copies of the program, or one copy may use a
zero-valued input. The latter case resembles using an impulse source where the
former case is more like a sampled and held source. The methods produce somewhat
different frequency responses.

The SPAC20 Compiler can be coerced to produce code for this mixed sample rate
implementation. To accomplish this, set the TS to the faster rate (say 3 times the
2920 program loop rate) and, using the CODE command, generate code for the anti-
alias (low-pass) stages of the filter. Three copies of this code must appear in the final
program.

Then set the TS down to the 2920 program loop rate, and generate code for the
remaining stages of the filter. One copy of this code must appear in the final
program.

At this point, the filter responses which can be graphed and otherwise examined are
relatively accurate reflections of the true behavior, at least below half the slower
sample frequency. This assumes that the signals are transformed between the stages
using the impulse method (either true input or zero) as opposed to the hold method
(either true input or held true input).

In most of the examples described above, a cascade of filter stages has been
assumed. However, when the impulse invariant transform is used, an alternate
realization could be found by expanding into a.sum of partial fractions, evaluating
the impulse response associated with each fraction, and realizing the output of the
filter as the sum of the section outputs. The resulting realization is shown in Figure
8b as opposed to the cascade structure of Figure 8a. In some cases, the parallel
structure may be less sensitive to variable scaling than the cascade structure.

SPAC20 Compiler



SPAC20 Compiler Design of Complex Digital Filters Used in the 2920

EXTERNAL ANTI-ALIAS
FILTER

BW fs-BW fs

a. Original spectrum showing bandwidth of digital processing.
External anti-alias filter must pass below BW, stop beyond f;—BW

EXTERNAL ANTI-ALIAS
FILTER

-\__4
P4
BW fs-BW s fs- BW 215-BW 215
INTERNAL
DIGITAL
FILTER

b. Spectrum using double rate sampling.

External filter passes BW, stops beyond 2f,—BW, internal digital filter performs
rest of anti-alias function.

Figure H-7. Effects of Double Rate Input Sampling 121533-40
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Figure H-8a. Cascade Structure for Complex Filter

(Directly Derived From Matched Z or Bilinear Transform) 121533-41
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Figure H-8b. Parallel Structure for Complex Filters
(May Result From Impulse Invariant Transform) 121533-42




APPENDIX |
FORMULAS USED BY THE
SPAC20 COMPILER

The formulas by which the filter response keywords are calculated are given below.
They depend upon s-plane or z-plane representation of the locations for poles and
zeros. Three distinct graphs are used to indicate the quantities named in the
formulas for AGAIN, and four additional graphs are referred to by the formulas for
PHASE. Poles are indicated by the character X, zeros by 0. The character a shows
the object’s real part (or projection), b shows its imaginary part, and f indicates the
varying frequency of interest. These letters then appear in the formulas. For z-plane
graphs, R indicates the length of the vector from the origin to the pole or zero, and
theta (©) the vector’s angle.

GAIN, MAGAIN, GERROR, and MSQE are defined in terms of AGAIN. GROUP
is the negative of derivative of PHASE with respect to frequency. The formulas are
shown in the simplest relation to the graphs. Simplification, grouping, and recom--
bination of terms would in some cases produce more compact formulas, but their
meaning and relation to the positions of poles and zeros would be obscure. In some
cases, the result of such manipulations is in fact much more complex than the
original formulation, though it can have computational benefits for the efficiency of
a tool such as the 2920 Signal Processing Applications Compiler.

AGAIN

Toist,

AGAIN = ———
T oIST,
P

AGAIN is the ratio of two products: the product of all the distances of the zeros of
the filter divided by the product of all the distances of the poles of the filter, where
distance means the vector distance from the frequency in question (on the vertical’j
axis) to the position of the zero or pole (or complex conjugate of a pole).

S-PLANE

{

REAL POLE ORZERO at-a

t
/] ‘DIST(f)= \/f2;a2 whereN = normalization factor

A | (1+a)

* 2+ (f-b)2 2 2
-/ DIST(fy = @az+(f-b) )N(\/a +(f+b)2)

s COMPLEX POLE OR ZERO at (—a+jb), (—a—jb)

t

/ wherethenormalizationfactor N = (1+4/a2+b2)2
X

1215633-30

I-1
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SAMPLED S-PLANE (sampled at T)

REAL POLE OR ZERO at —a

f
DIST(f) = |1-e-2maT we-j2niT |

COMPLEX POLE OR ZERO at (-a+jb),(—a—jb)

DIST(f) = |1-(2e-2maTcos2rbT) e-2nifT + e-braTxe-4rifT|

3<-—c' B o B e ]
>

|-a =
121533-31
Z PLANE (sampled at T)
REAL POLE ORZERO atR, 0
(R,0)

f
DIST(f) = | 1-Re-ianfT |

(1,0)

o
121533-32
COMPLEX POLE ORZERO atR,0
R/ ' DIST(f) = | (1-Re-i%-i2nfT) (1-Re*ive-i2efT) |
»o
/ (1.0

121533-33
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SPAC20 Compiler Formulas Used by the SPAC20 Compiler

GREF

AGAIN (f)
GAIN (f) = 20 L0Gq,

units indB

GREF = gainatreference frequency
specifiedbyuser

MAGAIN = max { AGAIN(F;) }
f; in FSCALE
GERROR(f) = GAINCf) - UBOUND(f)

if GAINCf) > UBOUNDC(T)

= GAINC(f) - LBOUNDC(S)
if GAINCf) < LBOUND(T)

= 0 otherwise

MSQE = ‘/1_ N (GERROR(f;))?2
>
i=1

N = numberofpointsinFSCALE
f;in FSCALE

PHASE = >0j - 20j (units are radians)
Z i

S-PLANE

REAL

© = tan-' {

COMPLEX

0 = tan‘1(f-b) + tan‘1(f+b)
a a
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SAMPLED S-PLANE (sampled at T)

REAL

® = angleof (1-e-2naT. g-j2nfT)

angleofa+jb = tan1pb

a

COMPLEX

0 = ang’[e of 1-2e-2naT cos 2rnbT e-2njifT + e-4naT, @=jbnfT

i

Z PLANE (sampled at T)
REAL
(R.Q)
{ © = angleof 1-Re-2infT
1.0
%!
121533-32
COMPLEX
R ) ; © = angleof (1-Re-i®e-j2nfT) (1-Ret*i0g~j2rfT)
\o
/ (1.0)

121533-33

GROUP DELAY:

GROUP(f) = =1 . dphase
. 2n df

With HOLD ON, AGAIN is multiplied by | sin(x)/x |, where x=TS*FREQ*PI
which causes GAIN to be corrected by adding 20 log;g | sin(x)/x | and PHASE to be
corrected by adding x. GROUP is corrected by subtracting TS/2.

With HOLD OFF, the above corrections are omitted.
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APPENDIX J
SCALING AND OTHER
CONSIDERATIONS

Scaling

Each stage of a filter performs various arithmetic operations, which have the poten-
tial for causing overflow saturation if the numbers coming in are too large. Thus the
issue arises of scaling down such input to avoid inadvertent overflow. If the signal
input to the filter were a pure sine wave, then the peak AGAIN for each stage would
indicate how incoming signals needed to be scaled in order to avoid saturation or
overflow within that stage. That is, if the peak AGAIN under these circumstances
were 50 for stage 1, the next higher power of two should be used to scale the input.
Thus a right shift of six, equivalent to dividing by 64, would be the correct scaling,
e.g.,

LDA INPUT, DAR, RO6

If the first two stages taken together indicated an AGAIN peak of 250, the input to
the second stage needs only an additional reduction factor of 4, i.e., rightshift 2, as
part of the scaling has already been done at the input to the first stage. Successive
stages repeat this reasoning, using the cumulative effect (product) of all earlier scal-
ing factors to determine what, if any, additional scaling is needed. (Note: set HOLD
OFF when using AGAIN to determine scale factors, since the HOLD compensation
really does not affect the signal until it leaves the 2920 chip.)

Because inputs are limited to the range plus-or-minus 1.0, the largest possible
instantaneous output of a filter may be found by integrating the absolute area over
the impulse response of the filter. In general this value is unnecessarily conservative,
and may result in excessive truncation error.

Even assuming this input scaling has been performed, it is possible that intermediate
calculations within a filter stage will cause overflow. For example, warning messages
produced by the Compiler in the code may say, e.g.,

"';NOTE: MAKE SURE SIGNALIS<0.547'"’

indicating such intermediate overflow will occur unless the expected maximum out-
put signal amplitude is less than 0.547.

If the input to a stage is scaled so that the expected maximum output signal is less
than 0.25, such intermediate overflow cannot occur (for poles and zeros within the
unit circle on the z-plane).

As a rule of thumb, it should be sufficient to use four times the MAGAIN (rounded
up to the next power of 2) as the scaling needed for each stage. That is, the user
. should ensure that the scaling before any stage is at least four times the MAGAIN
due to the combination of all previous stages and the present stage under
consideration.

During the coding process, if f; is implemented first in the coding, a warning
message will appear, advising the user to keep the signal below a certain level. If the
above scaling factor of four times MAGAIN has already been performed, then the
purpose of these messages has already been accomplished.
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Signal Propagation

SPAC20 Compiler

In the code output from the SPAC20 Compiler, you will find, usually once per
module, an ADD or LDA instruction using names like INO, IN1, followed by the
stage label, e.g., INO__Z1 for zero 1. These are the instructions which must be
replaced using the correct scaling and appropriate input source, which depends on
the sequence and combination of poles and zeros, as follows:

The table below indicates the number of inputs and outputs for the four kinds of
poles and zeros. A complex pole takes in one signal and produces three output
signals, whereas a complex zero uses three inputs and produces one output. A real
pole has one input and two outputs, while a real zero takes in two signals and

outputs one.

(using hypothetical poles and zeros labeled 3 (for complex) and 2 (for real).

interval

Input Signal Output Signal
Signals Delay Signals Delay
Complex Pole INO_P3 Signal Input, OUTO0__P3 Signal Input,
not delayed not delayed
OUT1_P3 Delayed 1 sample
interval
ouT2__P3 Delayed 2 sample
intervals
Real Pole INO_P2 Signal Input, OuUTO__P2 Signal Input,
not delayed not delayed
OUT1__P2 Delayed 1 sample
interval
Complex Zero INO_2Z3 Signal Input, ouT0__Z3 Signal Input,
not delayed not delayed
IN1_Z3 Delayed 1 sample
interval
IN2__Z3 Delayed 2 sample
intervals
Real Zero INO__Z2 Signal Input, ouT0__Z2 Signal Input,
not delayed not delayed
IN1_Z2 Delayed 1 sample

Merging Code for Poles and Zeros

From the table it is easy to perceive the proper meshing of the code for a complex
pole followed by that for a complex zero:

INO_23 EQU OUTO_P3
IN1_Z3 EQU OUT1_P3
IN2_Z3 EQU 0UT2_P3

This provides the correct, suitably delayed pole output signals to the appropriate
zero inputs. Similarly, to merge the code for a real pole followed by a real zero, you

can use

INO_Z2 EQU OUTO_P2
INT_Z2 EQU OUT1_P2
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If, however, a complex pole is followed by a real zero, then as the table indicates you
must select the pole output with the correct delay, i.e.,

INO_Z2 EQU OUTO_P3; nodelay
IN1_22EQU OUT1_P3; delay

A complex pole followed by two real zeros cannot be directly merged. The first zero
can be merged with the pole as above. Then the signal needs to be propagated to the
second real zero (here labeled Z22). For example, the code below

INO_222 EQU OUTO_P3
LDA IN1_Z22, INO_222

will accomplish this for a real zero. An equivalent method in the real case is to create
a pole at 0,0,Z and then merge it with the zero. For a complex zero, the code below
should be used:

INO_Z3 EQU OUTO_P3
LDA IN2_2Z3, IN1_2Z3
LDA IN1_23, INO_Z3

Use of Temporary RAM Locations

The coding for equations of the form YY = C*YY is only optimal assuming no
scratch RAM locations are to be used. You can often improve it by the simple expe-
dient of coding in two steps, first saying

CODEXX=1.*YY

and then, after saving that code, enter CODE YY = C * XX. Using XX as a scratch
variable in this way can be a useful technique.

If more than 16 bits of precision is needed in constants, say in PERROR or ERROR

constraints, the code produced with the standard SPAC20 algorithms may suffer.
CODEYY=(1+1/2%*%x17) *x XX ERR <O

is an example. Five instructions are generated where 3 could suffice. One way
around this is to code in several steps, e.g.,

CODEYY=CxXXERR<S (1/2%x%13)

DEFINE .ERRORSSSAVER = ERR

CODE XTMP = (1/2*%13) * XX

CODEYY=(.ERRORSSSAVER * 2**13) * XTMP +YY ERR<(1/2%%10)

This effectively combines coding for the top 13 bits and for the least significant 13
bits.

Scaling and Other Considerations
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APPENDIX K
ERROR MESSAGES AND
CORRECTIVE ACTIONS

Error conditions encountered by the SPAC20 module cause a numbered error
message to print on your console.

Since commands are read on a line-by-line basis, the Compiler will not flag any error
until after an entire line has been entered. When the first command error is found,
command processing stops and the offending line has no further effect on any
internal variables.

If a syntax error is encountered by the Compiler during a multi-line compound
command, the error is reported and the line is ignored. Whenever possible, the lines
already successfully entered in the compound command are kept and input may
resume. Sometimes the compiler finds it impossible to do so and in this case the
entire compound command is lost. The prompt for the next input line indicates
which of these options was selected: ‘“....*’’ indicates continued compound
command input; ““*’’ indicates new command input.

Errors during compound command execution will terminate processing, leaving the
compile-state intact as of the last successfully completed command.

Error numbers CO to CF are warnings of conditions which are probably undesired.
These warnings do not terminate compound command processing.

The following list of error messages does not include those which can come directly
from ISIS-11. These appear in a separate list after the Compiler’s messages.

In some rare cases, the error number may be printed without its associated message,
asin

ERR80: ?
This means an Error 80 was detected but some other (probably unrelated) problem

prevented the Compiler from printing the message, e.g., error message file
SPAC20.0VE is missing.

ERR71: ILLEGIBLE NUMBER A floating point number input cannot
be deciphered.

ERR 72: HELP FILE MISSING The help file SPAC20.0VH is missing.

ERR73: SAMPLE RATE UNDEFINED TS has not yet been assigned. TS

must be assigned a nonzero postive
value before sampled poles and
zeros can be created or before IM-
PULSE or STEP responses are ex-
amined.

ERR 74: GREF AGAIN ZERO The frequency specified in the GREF
has absolute gain zero and this can-
not be used as a reference level.
Select a different GREF frequency.

ERR75: NEGATIVE RADIUS Poles or zeros defined in the Z-plane
must have positive radius. A negative
radius is equivalent to a positive
radius with an angle offset of 180° =n
radians.

K-1



Error Messages and Corrective Actions

ERR 76:

ERR 77:

ERR 78:

ERR 79:

ERR7A:

ERR7B:-

ERR 80:

ERR 81:

ERR 83:

ERR 84:

ERR 85:

ERR 86:

-

POLE/ZERO NOT SAMPLED

CONSTRAINT TOO SEVERE

ANGLE > PIOR <= —PI

EXTRA CONTINUOUS ZEROS

ILLEGAL CODE COMMAND

INTEGER NEEDED

SYNTAX ERROR

INVALID TOKEN

INAPPROPRIATE NUMBER

PARTITION BOUNDS ERROR

ITEM ALREADY EXISTS

iTEM DOES NOT EXIST

SPAC20 Compiler

A pole or zero must be sampled
before code can be generated. Move
ittothe TS or Z planes.

The pole or zero or multiplication
cannot be coded within the instruc-
tion constraint specified. Try relaxing
the INST constraint.

Poles or zeros in the Z-plane must
have angle between =n. Take the
desired angle mod 2r to obtain this.

The STEP or IMPULSE time
responses cannot be calculated
because there are more continuous
zeros than continuous poles. Such a
combination cannot be physically
manifested.

The code command issued does not
exist,e.g., CODEY =1*X + Z.

An integer valued expression is
needed in contexte.g., POLE1.5.

The token flagged is not one that is
a/llowed in the current context.

The token flagged is illegal because it
does not follow the rules for a well-
formed token. The line is ignored and
you must re-enter your intended
command. Check the correctness of
the syntax and variable-names used.
A string longer than 255 characters
can resultin this error.

The value printed on the preceding
line is not appropriate in the current
context. Some contexts allow only
certain numbers, e.g., TS must be
positive.

The partition values entered in a
command are not correct. Either the
left part of the partition is greater than.
the right part, or the values of the
partition extremes are out of range in
the current context. For example,
Poles 3 thru 2.

The symbol or macro entered in a
define command is currently defined
in the symbol or macro table. You
may need to validate the currgnt
usage of this symbol or macro, or
perhaps merely use a different spell-
ing to maintain the distinction.

The item printed on the preceding
line does not reside in the symbol
or macro table. It may have been
removed in an earlier test session,
or it may be in a change you haven’t
inserted yet.
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ERR 90:

ERR91:

ERR 92:

ERR 94:

ERR9D;

ERR AQ:

ERR B9:

WARN C8:

WARN C9:

WARN CA:

WARCB:

WARN CC:

MEMORY OVERFLOW

STACK OVERFLOW

COMMAND TOO LONG

NON-CHANGEABLE ITEM

LINETOO LONG

TOO MANY PARTITIONS

NO HELP AVAILABLE

F.P.INVALID OPERAND

F.P. OVERFLOW

F.P. UNDERFLOW

F.P.ZERO-DIVIDE
F.P. DOMAIN ERROR

Error Messages and Corrective Actions

Either too many poles and zeros have
been defined (more than 20), or too
many macros or symbols have been
defined or some other internal buffer
size has been exceeded. If the
message

MEMORY RECLAIMED

appears on the next line, success
may be obtained by simply reissuing
the command which caused the
original overflow. Before doing so it is
recommended to delete any unused
symbols or macros first.

The capacity of a statically allocated
internal stack has been exceeded.
This is probably due to an exces-
sively complicated command, e.g.,
one with 20 parenthesis pairs. An
example would be

DEFINE .DAR$SAVED =
(CCCLACCCCOARDMMMIMMNN

Too complicated a command due to
number of operators, most probably,
asin
DEFINE .TEMPFUNC =
1+8*9-7/44~....
out to many operators. Break it up in
several smaller commands.

An attempt to alter a read-only item,
e.g., INST.

Command line was longer than 122
characters.

An fscale or Ibound or ubound has
been specified with more than the
maximum number 10 of piecewise
linear segments.

Help has been requested for a heip
item which has no help message.

The program tried to use a value
resulting from an underflow or
overflow condition. If this message
persists, try flushing the Compiler’s
internal storage with the command
XSIZE = XSIZE.

A value larger than 10 times the
largest allowable number occurred in
some expression.

A value smaller than the smallest
allowable number occurred. One
exampleis 1/largest#.

Dividing by zero was attempted.

One example would be the square
root of a negative number.
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The last five warnings are flagged during command execution due to an
inappropriate action or result for a floating point operation. See the documentation
for the FORTRAN floating point libraries for further details.

ERRE7: ILLEGAL FILENAME The filename specified does not
conform to a well-formed ISIS
filename. See /SIS Manual for valid
formulation and device labels.

ERRES: ILLEGAL DEVICE lllegal or unrecognized device in
filename. An invalid device label was
used, e.g., :D0: instead of :CO, or
something unrelated such as :PQ:.
See ISIS Manual for valid list.

ERR E9: FILE OPEN FOR INPUT Attempt to write to a file open for
input, e.g., PUT :Cl:, a file predefined
as console input.

ERREF: FILE ALREADY OPEN Attempt to open a file that was
already open.
ERR FO: NO SUCH FILE The file specified does not exist.

Possibly a wrong or missing device
label, as in typing :F2:FILE when you
meant :F3:FILE, or a file missing due
to forgetting to copy it onto a new

disk.

ERR F1: WRITE-PROTECTED FILE The file named for output is
write-protected and cannot be over-
written.

ERR F3: CHECKSUM ERROR An overlay file cannot be loaded
because it has become trashed.

ERR F6: DISKETTE FILE REQUIRED A file was referenced which needs a
diskette.

ERR F9: ILLEGAL ACCESS Attempt to open a read-only file for

the purpose of storing data (e.g.,
specifying :Cl: as the list device) or to
open a write-only file as a source of
data (e.g., :LP: in an include

command).
ERRFA: NO FILE NAME No filename specified for a diskette
file (e.g., no filename following :F2:).
ERR FH: NULL FILE EXTENSION An expected filename extension was

not found (e.g., :F2:FILT.).
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INDEX

abbreviations, 2-4, F-2, Appendix B
ABS, B-1
accuracy of code, 7-4
see also precision
ACOS, B-1
actual parameters, 9-3
add to a file, see APPEND
adders, H-3
advanced techniques
pertinent to filters, Chapter 10
re other signal processing, Chapter 11
AGAIN, 1-18, 2-5, 5-1, 5-2, 5-4, B-3,
I-1, J-1
alias, 4-5
All-pole filter coding
example macro, 10-9
resulting file, 10-14
ampersand, 2-2, 3-1, F-1
amplitude
desired output 1-1
and phase information in complex gain,
H-1
analog filters, H-1
analog-to-digital, 1-4, G-1
see A-to-D
AND, 9-9, B-1
ANGLE, 29, B-1
apostrophe, 2-3, 6-3, 9-4, 9-5
APPEND, 1-3, 2-6, 7-3, 8-4, 8-6, 9-1, B-2
default objects, 8-4
arithmetic expression, 2-8, 4-2, E-5
ASClI, 2-2
ASIN, B-1
Assembler, 1-2, 7-1
code submission to, Appendix G
options, G-2
tasks before invoking, G-1
asterisk, 1-2, 2-2, 2-8, 2-9, 3-1, 6-2, 8-1, 9-1
see also double-asterisk,
AT, 5-1, 5-2, B4
at-sign, 2-2
ATAN, B-1
A-to-D conversion macro,
definition, 11-3
invocation, 10-10, 11-6
attenuation, 6-2
AUTO, 6-2, B-4, C-1
avis, second-stage ariel evolution,

band-limited signal reconstruction, H-3
best yet code, 7-1
bibliography, Preface-iv, 1-2, 2-7, F-1
Bilinear transform

equations, Appendix H-7

example use in design, H-8

macro, 10-6
binary constant, 2-7, E-3
BNF (Backus Naur Form), Appendix D

boolean
expressions, 9-9
operators, 9-9
BOUNDS, 5-2, B-3
bounds
on error,
maximum re gain, 7-1 to 7-3
mean square re gain, 7-1 to 7-3
movement re pole/zero, 7-3
_on gain, 1-3
invalid specifications, 5-3
lower, 5-2, 5-3
upper, 5-2, 5-3
buffer
for code, 7-1, 8-4, 9-6
for graphics, 6-3
Butterworth filter macro, 10-2
BY, 4-4, B-4

canonical forms of digital filters, H-3
carriage-return, 2-2, 3-1, 9-4, F-1
cascaded stages, 1-4, H-2, H-12, H-14,
H-15
change
commands, 3-2, E-6
of plane via MOVE, 4-5
see also 1-5ff
changeable scalars, 2-4, 2-5
character
set, 2-2
strings, 2-3
charts, Appendix E
Chebyshev filter
macro, 1-9, 10-4
used, 1-10
CODE, 1-1, 2-5, 7-1, B-2, E-9
code
accuracy, 7-4
and ESC, 7-1
buffer, 7-1, 9-6
compaction, 1-4, Appendix J
constraints, 1-4, 7-1
editing, 1-4, G-1
for equations, 7-4
for pole/zero, 1-3, 7-2 _
general signal processing, 1-3, Chapter 11
generation, 1-1, 1-4, 1-5, 7-1
merging, Appendix J
object, 1-2
review, 1-4, 7-1
revision, 1-4, G-1
submission to 2920 Assembler,
Appendix G
using temporary RAM locations,
Appendix J
coefficients determine filter behavior,
H- 3ff
closely approximated in 2920, H-10
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Index-2

colon
in device names, 8-2 )
to invoke macros, 9-2, 9-3
comma, 2-1, 2-3, 3-1, 4-2, 5-2, 7-1, 9-4, 9-5
commands, D-1, E-2
and tokens, 2-1
block, 9-1
code, 7-1, E-9
change, 3-2, E-6
compound, 1-5, 9-1ff
display, 3-5, E-8
entry, 3-1
file, 8-1, E-9
graph, 6-3, E-9
line continuation, 2-2, 3-1
pole/zero, 4-1 to 4-5, E-7
sequences, 9-1ff
simple, 2-4, 3-1
symmetry, Preface-iv
comments, 3-1
in code, 7-1
into file, 8-4, 9-6
compaction of code/program, see code
Compiler
differences, Preface-iv
interaction with other products,
Preface-ii
introduction, 1-1
uses and purposes, Preface-iii, 1-1, 7-1
complex
frequency, 1-1
network, H-1
numbers, 1-1
pole/zero
defined, 1-3, 4-3, 4-4
input/output signal delays, J-2
realization diagram, H-4
valued graph, 1-1
variables, H-1, H-5
compound commands, 1-5, 9-1 t0 9-13, D-4
conditional, 9-11, 9-12
iteration control, 9-8 to 9-10
macros, 9-1 to 9-7
Concepts of filter design, 1-1
conditional
execution, 9-11
expression, 9-8 to 9-10
configuration, Preface-iii
conjugate
complex numbers, H-1
pole pairs, 1-3, 4-3, H-1
conjunction
bit-wise integer, see MASK
logical, see AND
console, 1-4, 1-5, 2-5, 6-2, 8-2, 8-3, 9-7
constant
binary, 2-7, 2-13
decimal, Preface-v, 2-7, 2-13
hexadecimal, Preface-vi, 2-7, 2-13
in coding equations, 1-4, 7-1, 7-4
keywords, B-1
numeric, Preface-vi, 2-7, 2-11, E-3
suffix, 2-7
symbolic, 1-3, 1-4, 2-6
system, 2-4, 2-11, E-3

SPAC20 Compiler

constraints
default, 7-2
on coding, 1-
too severe, 7-
CONTINUOUS,
continuous
filters, 1-1, 4-1, H-5
compared to digital, H-6
poles/zeros, 1-3, 4-3, 5-2
contribution to inaccuracy of time
responses, 5-4
s-plane, 1-1, 1-3, 2-4, 4-1, H-6
controlling a loop, see REPEAT, COUNT
convolution, H-2
approximation, 5-4
coordinates :
as primaries, 2-9, 2-12, E-5
polar (z-plane), 1-3, 4-1, 4-2
rectangular (S, TS planes), 1-3, 4-1, 4-2
copy
all 170 to a file, see LIST
files, F-1
state or macros from a file, see
INCLUDE
corrective actions for error messages,
Appendix K
COS, B-1
COUNT, 9-8, E-10
CR, carriage return
create,
a file, see PUT or APPEND
objects or symbols, see DEFINE
cursor controls, 1-4

3, 7-1ff
1,73
4-1,4-2, 4-4, 4-5, B-4

dash, 6-3
dB, decibels, as in GREF
DC, direct current, as in GREF
dead band, C-1
decimal

constant, 2-7, E-3

point, Preface-v
DEFINE command, B-2, E-7

complete form, E-7

for macros, 9-2, E-11

for poles/zeros, 4-2

for symbals, 3-3

see also sample session, 1-5ff
Defining

a filter, 1-3

macros, 9-1, 9-2, E-11

poles or zeros, 1-3, 4-2

summary chart, E-1

symbols, 2-6, 3-3

your own commands, 1-5, 10-1
definitions for keywords, Appendix B
delimiter, 2-2
design,

filter, 1-1

review, Appendix H

device names, 8-2
digit, Preface-v, 2-2, see constant
digital

filtering, H-3
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filters, canonical forms, H-3
diagrams, H-4
signal
processing, Preface-iv, Appendix H
digital-to-analog, 1-4, G-1
DIR MACRO, 9-7, B-2, E-11
disjunction
exclusive, see XOR
inclusive, see OR
diskette
drive, 8-2
file, 8-2, 8-3, 8-6
DISPLAY, 8-4, 8-5, B-2
display
commands, 3-5, E-8
from any table, summary chart, E-1
macros, 9-7, E-11
of code, 7-1
of file, 1-5, 8-4
of filter responses, 1-4
of object values, 2-4, 3-4
see also simple sample session, 1-5ff
display text string/expression, with copy to
List file, see WRITE
distortion
correction via HOLD, 5-4
from output S and H, 5-4
division
macro
definition, 11-2
invocation, 11-5
operator, 2-8, 2-9
documenting a session using
comments, 3-1, and
LIST, 8-3
dollar-sign, 2-2, 2-7
don’t care conditions
effect on CODE, 5-3
in bounds, 5-2, 5-3
double-asterisk
showing continued input line, 3-1
(‘‘to the power”’), 2-8
doubling the sample rate, 4-1, H-14, H-15
drivename, 8-1, 8-2

e, 2-9
editing
code after generation, for assembler
submission, 1-4, G-1
commands at console, 3-1
macros, 9-2
ELSE, 9-11
EM, 9-2, 9-7
END, 9-8, 9-11, 9-12
Entering commands, 3-1
equal sign, 2-5, 3-2, 3-3, 4-2
Equations, coding, 7-4
ERROR, 2-5, 7-1, 7-4, B-3, J-3
defauit, 7-4
error
bounds on gain, 1-4, 7-2
constraints, 7-1ff
ERROR
MERROR
MSQE
PERROR

Index

messages and corrective actions,
Appendix K
on read-only, 3-2
on undefined or already defined symbol,
33
Escape key, 1-5, 1-7, 2-2, 7-1, 8-4, 9-4, 9-8,
F-1
EVALUATE, -8, 3-4, B-2
execute
command block
conditionally, see IF, WHILE, UNTIL
forever, see REPEAT
number of times, see COUNT
commands from a file, see INCLUDE
EXIT, 1-3, 1-20, 8-2, B-2, F-2
exit clauses, 9-8to 9-11, 9-13
EXP, 29, B-1
exp, expression
expansion of macro, 9-7
valid commands in, 9-5
exponentiation
limitation, C-1
number raised to a power, **, 2-8, 2-9
of natural base e, EXP, 2-9
expressions, 2-12, 4-2, 4-4, 5-1, 6-1, 6-2,
7-1, 8-3,9-9, 9-10, E-§
arithmetic, 2-8, E-5
boolean, 9-9
evaluation, 2-8, 2-9
integer, 2-8, 4-2, E-5
logical, 9-9
relational, 9-8
extending
precision, H-12, J-3
the language, 1-5, 10-1
extension to filename, 8-2

FALSE, 99, 9-11
features of the Compiler, Preface-i
file
commands, 8-1, E-9
handling, 8-1to 8-6
names, 8-2
temporary macro, 9-1
filing and retrieving 1-4, 8-4 to 8-6
filter
analog, 5-4, H-1
continuous, 1-1
design, 1-1
commands, D-2
review, Appendix H
digital; 1-1, H-1
examples of advanced techniques,
Chapter 10
implementing, 1-1, H-9
low frequency, H-12
response functions, 5-4
response keywords, 5-1
factors used, 5-4
responses, 2-12
sampled, 1-1, 1-11, H-5, H-7
FIR filters, C-1
first-order, see stages
fixed frequency vs. geometry, 4-1
interaction with sample-rate and
implementation, 4-1

Index-3
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floating point, 2-3, 2-5, 2-7, 2-9, 3-3
limitations, C-1
flow of control, 3-1; see compound !
commands
formal and actual parameters, 9-3, 9-7,
10-1
formulas, Appendix 1
fraction, Preface-vi, 2-7
frequency
and plane and sample-rate, 4-1
for BOUNDS, 5-2
for GREF, 5-1
in FSCALE, 6-1
range of interest, 1-4, 6-1, 6-2
response, 1-4, E-4, Chapter 5
functions, 2-9
keywords, 5-1
scale, 5-3, 6-1
FSCALE, 1-6, 2-5, 3-3, 5-1 to 5-4, 6-1, 8-4,
B-3
full DEFINE and REMOVE, E-7
functional categories, Preface-iv
Functions, 2-4, 2-11, B-1, E-4
of filter response, 5-1

GAIN, 1-6, 1-7, 5-1, 5-4, B-3, 1-3
gain
absolute, 5-2
maximum, 5-2
characteristic, 1-1
deviation from bounds when coded, 7-2
from individual pole, 5-2
reference, 5-1
generation
of code, 1-4, 7-1to 7-4
of graphs, 6-1 to 6-3
of listings, 8-3
geometry
re frequency, sample rate, and choice of
plane, 4-1
GERROR, 5-1, 5-3, 6-2, B-3, I-3
GRAPH, 1-4, 6-2, 6-3, B-2, E-9
graphable keywords, 5-1
graph commands, 6-3, E-9
graphics
area, 6-2
buffer, 6-3
capability, 6-1
characters, 6-3
resolution, 6-2, 6-3
graphs, 1-3, Chapter 6
see also simple sample session, -5ff
GRELEF, 1-6, 5-1, 8-4, B-3, 1-3
restriction, 5-2
GROUP, 5-1, 5-3, 5-4, B-3, 1-4

hard-copy, Preface-i, 1-4, 6-3
hardware configuration for SPAC20,
Preface-ii
HELP
messages, 1-2, 1-5, Appendix A, B-2,
E-2, F-1
hertz, 4-1, H-7
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hexadecimal
fraction with leading zero, 2-7
number, Preface-vi, 2-7, E-3
hidden spikes, 5-2, 5-3
high-frequency
continuous pole/zero inaccuracies, 5-4
droop from sample-and-hold, 5-4
HOLD, 1-18, 2-6, 5-4, 8-4, B-2, 1-4, J-1
HPI, 2-4, 2-9, B-1

"Hz, hertz, revolutions/cycles per second,

see also H-7

identifier, 2-3, 7-1

filename, 8-2
IF, 9-11, B-2, E-10
1IR filters, C-1
IMAG, 2-9, B-1
implementing filters with the 2920, 1-4, H-9
IMPULSE, 2-6, 5-1, 5-4, B-3
Impulse response

achieved by network, H-5

analysis, H-2, H-3
INCLUDE, 1-5, 1-9, 2-6, 8-6, 9-1, 9-2, B-2
input line

continuation, 3-1

length, 3-1, F-1
input/output names for poles/zeros, J-2
input to assembler, 1-4, Appendix G
INST, 1-12, 2-5, 7-1, B-3

default, 7-2
installation procedure, Appendix F
integer, 2-5

expression 2-8, 4-2, 4-3, 9-8, 9-9, E-5
interactive

design sessions, 1-1

manipulation, 1-1

sample session, 1-5 to 1-20
interface

with ISIS-11 8-1, 8-6, Appendix F
interrogation commands, D-4
interrupted session restart, 1-4, 8-6
interrupting any command, see ESCape
invalid numeric constants, 2-7
invoking macros, 9-2, E-11
iSBC-310, Preface-iii, iv, F-1, C-1
ISIS-11, Preface-iii

installing SPAC20 under, Appendix F

interface, 8-1 )

loading, F-2
iterative processes, 1-5

keyboard calculator, 3-4
Keywords, 2-3, 2-4, Appendix B
commands, B-2, E-2
constants, operators, and functions,
B-1, E-3, E-4
gain-related, 5-1
filter response, 5-1
modifiers, B-4
objects, B-3
keyword references, 2-5, 2-6, 2-11, D-2, E-4

label of pole/zero, 4-2
language elements, 2-1
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Laplace transforms
used in impulse response analysis, H-3
LBOUND, 5-1to 5-3, B-3
leading zero, 2-7
limit
on characters in identifier, 2-3
on partitions in
BOUNDS, B-3
FSCALE, 6-1
limit cycles, C-1
linear, 1-1, H-3
line-editing characters, 3-1, 3-2
line-feed, 3-1
line printer, Preface-ii, 1-2
LIST, 1-2, 1-5, 6-3, 8-3, B-2
listing
all input/output, 8-3
help messages, 1-2
to file, console, printer, 8-2, 8-3
locating poles and zeros, 4-1
LOG, 2-4, 2-9, B-1
logic
conditional control, 9-1, 9-11, 9-12
of iterations, 9-8 to 9-10
operators, 2-3, 9-9
loop, 9-8
in macro invocation, 9-3
using compound commands, 9-8 to 9-10,
9-13, E-10
low frequencies, 1-3, H-12
:LP:, 1-2, 8-2

MACRO, 8-4, 9-7, B-3, E-11
macro
body, 9-1
command functions, 9-1
defining, 9-2
directory, 9-7
displaying, 9-7
editing, 8-6, 9-2
error checking, 10-1
expansion, 9-7, 9-8, 11-4
file, 9-1
in loop, 9-8
invoking, 2-3, 9-1,9-2, 114
library, 8-6
models, 9-2 t0 9-6, Chapters 10 and 11
names, 9-2, 9-7
parameters, 2-3, 9-1, 9-3
removing, 9-7
strings in, 9-4
syntax checking, 9-1, 9-7
usage, 1-3, Chapters 10, 11 ~
used under SUBMIT, 8-6
macros, Preface-iii, 9-1, Chapters 9-11,
D-5, E-11
filter, see
All-pole coding
Bilinear
Butterworth
Chebyshev
other signal processing, see
A-to-D conversion
division

multiplication
sawtooth
sinusoid
traingular
supplied-file, F-1
MAGAIN, 2-5, 5-1, 5-2, 6-2, B-3, 1-3, J-1
hidden spikes, 5-2
manuals
reference, Preface-iv, 1-2, 2-7, F-1
mapping to Z plane, 1-3, H-6, H-7
MASK, 2-8, 2-9, B-1
matched-z transform, 4-1, 4-5, H-6
math board, see iISBC
maximum
absolute gain, 5-2
gain error, 5-3
mean-square-error, 1-4, 5-3, 7-1 to 7-3
merging code for poles and zeros,
Appendix J
MERROR, 2-5, 5-1, 5-3, 6-2, 7-1 to 7-3,
B-3
minima and error constraints, 7-1, 7-4
minus, 2-3, 2-8, 2-9
MOD, 2-8, 2-9, B-1
modifiers, 2-4, B-4
modules of code, 1-4
MOVE, 44, B-2, E-7
see also 1-5ff
movement of poles or zeros
as a constraint on coding, 7-1, 7-3
by command, 1-3, 4-4
due to approximate coding, 7-1, 7-3
MSQE, 2-5, 5-1, 5-3, 6-2, 7-1 to 7-3, B-4,
I-3
multiplication
conversion into 2920 ADDs and SUBs,
H-10 :
macro
definition, 11-1
invocation, 11-4
operator, 2-8, 2-9
multiplier, 7-1, 7-4, see also constant
in digital fiiter block diagram, H-3ff

Names
device, 8-2
file, 8-2
ISIS-11, 8-2, F-1
of signal values in code, 1-14, 7-1, 10-12,
10-14, 10-15, 11-8, 11-10
see also keywords, Appendix B
symbolic, 1-4, 2-3, 2-6, 7-1
system constants, E-3
user, 2-2, 2-6
natural base e, 2-9
nesting compound commands, 9-12
non-scalars, 2-5
non-changeable scalars, 2-4
normalization, 1-2, 5-1, 5-4, I-1
NOT, 9-9, B-1
Notation, Preface-v
Notes and Cautions, Appendix C
number, 2-7
complex, 1-1, H-1ff
numeric constant, 2-7, E-3

Index
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object

keywords, Preface-vii, Appendix B-3
object code, 1-2, G-1
OFF, 5-4, B-5
OGRAPH, 1-7, 6-2, 6-3, B-2, E-9
omitted parameters

in macro body (formal), 9-5

in macro call (actual), 9-4, 9-6
ON, 2-6, 5-4, B-5 ‘
operands, 2-9
operational amplifier, H-2
operators, 2-8, B-1
OR, 9-9, B-1
ORIF, 9-11, B-5
overflow, 7-4, C-1, H-11, J-1
overwrite, 8-5

parallel-structured filter stages, H-14, H-15
parameters
design, 1-1, 7-1
file, 1-5
macro: formal, actual, 8-6, 9-3
parentheses, 2-2, 2-8 to 2-10
partial fractions in impulse response, H-2
partial results, 1-5
partition
of poles/zeros, 2-10, 4-3, 4-4, E-6
interpreted sequentially, 4-2
on scales for graphs, 6-1ff
pathname, 8-2, 8-6
percent
sign use in macros, 9-3
used on YSCALE, 6-2
period, 2-2, 2-3, 2-6, 3-2, 6-3, 9-1, 9-8
PERROR, 1-13, 7-1, 7-2, B-4, J-3
PHASE, 1-8, 5-1, 5-3, 5-4, B-4, I-3
phase .
and group delay, 5-3
desired output, 1-1
Pl, 1-8, 2-4, 2-9, 4-2, B-1
piecewise linear, 1-4
Planes
and coordinates, 4-1, 4-2
changing via MOVE, 4-5
plot
last curve again, GRAPH
new curve over last, OGRAPH
screen size, see XSIZE
plus signs, 2-2, 2-8, 2-9
in graphs, 1-7, 6-3
POLE, 3-5,4-2t04-4, 7-1, B4
pole
coordinates, 4-1 ,
creation or destruction via MOVE, 4-4
definition, 1-1, 4-2
duplication, 4-4
error, 7-2, 7-3
location, 1-1
maximum number of, 4-2
moving, 4-4
numbering, 4-3
of transfer characteristic, H-1
real, 4-3
removing, 4-3
practical consideration, H-11
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precision,

extended, H-12, J-3

single, 2-7
precedence of operators, 2-8, 2-9
primaries, 2-8 to 2-10, 7-1, E-6
printer, Preface-i, 1-4, 8-2
prompt character

ISIS-1I, 8-1

SPAC20, 1-2

within macros or compound commands,

9-1

propagation, 1-3, 1-4, 7-1, Appendix J
of carry, H-12

PUT, 1-3, 1-12, 2-6, 7-3, 8-5, 8-6, 9-1, B-3
default objects, 8-4

PZ, 1-6, 4-3, 4-4, B4

quadratic terms, H-1
correspond to complex conjugate pole
pairs, H-2
question mark, 2-2
quote, 2-2, 2-3, 9-4, 9-5

radians, 2-9, 4-1, 4-2, 5-3
RADIUS, 2-9, B-1
non-negative only, 4-2
range
of frequencies or time, see scales
of pole/zeros, see partition
read-only, 2-4, 2-5, 3-2, 5-2
REAL 2-9, B-1
real pole/zero
defined, 4-3
input/output signal delays, J-2
permit ‘‘real’”’ components, H-1
realization diagram, H-4
redisplay, 1-4, 6-3
relational
expressions 9-8, 9-9
symbols 2-2, 2-3, 9-8
remainder, see MOD
REMOVE command, B-3, E-7
complete form, E-7
for macros, 9-7, E-11
for poles/zeros, Preface-v, 1-3, 4-3
for symbols 3-4
message, 4-3
see also simple sample session, 1-5ff
removing objects
summary chart, E-1
RENAME, F-1
REPEAT, 9-8, B-3, E-10
resolution, 6-2, 6-3
restart of session, 1-5, 2-6
Retrieving
files of code or parametes, see
INCLUDE
review of analog filters, Appendix H

S, H-1

S & H, sample-and-hold

sampled
filters, 1-11, H-5, H-7
pole/zero, 2-6, 4-1
signals, H-3
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sampling
interval TS, 1-3, 2-5, 6-1, H-8
limitations, H-5
rate, 1-3, 1-11, 4-1, 5-4, H-12, H-14,
saturation, H-11
shown by asterisk, 6-2
saving partial results, 1-3, 1-4
sawtooth waveform macro
definition, 11-2
invocation, 11-7
scalar keywords, 2-4, 2-5
Scales, 5-1, 6-1
changes, 6-3
frequency, 6-1
time, 6-1
vertical, 6-2
scaling, 1-3, 1-4, 5-2, 5-4, 7-1
and other considerations, H-11,
Appendix J.
screen
size, 6-1ff
second-order (quadratic), H-1, H-2,
H-5, see also stages
semicolon, 2-2, 3-1, F-1
separator, 3-1
sequence of use, 1-3
set commands, 3-2, E-6
show contents of a file, see DISPLAY
signal propagation, Appendix J
sign-on messages, 8-1, F-1
simple sample session, 1-5 to 1-20
Simulator, 1-2, G-1
SIN, 2-9, B-1
single precision, 2-7
sinusoid waveform
in complex network analysis, H-1,
H-4, H-5
macros
at user-specified frequency
definition, 11-4
invocation, 11-9
from triangular waveform
definition, 11-4
invocation, 11-8
slash, 2-2, 2-8, 2-9
software installation, Appendix F
SPAC20 files, F-1
space, 2-2, 2-6, 3-1
special-character usage, 2-2
sequences as tokens, 2-3
S-plane, 1-1, 1-3, 2-9, 4-1, H-6
SQR, 2-9, B-1
stages, 1-3, 5-4, 7-1, J-1
first and second order cascaded, 1-4,
H-2, H-14, H-15
in parallel, H-16
STEP, 2-6, 5-1, 5-4, B-4
strings, 2-2, 2-3, 8-3, 8-4,9-4
submission
of code to Assembler, 1-5,
Appendix G
of command to Compiler, 3-1
SUBMIT, 3-1, 8-6
suffix see constant, Preface-v, 2-7
superimpose graphs, 1-4, 6-3

Index

symbolic
constants, 1-3
names, 1-4, 2-3, 2-6, 7-1
references, 2-6, 2-11, 3-2, E-4
variables, 1-4, 2-6

SYMBOLS, 3-4, 8-4, B-4

symbol table, 2-6, 3-3

symmetry of command syntax,
Preface-iv

syntax
charts, Preface-v, Appendix E
checking in macros, 9-7
description in BNF, Appendix D
errors, 9-1, 9-13, K-1

system constant, E-3

tables
macros, 9-2
pole/zero, 4-1
symbols, 2-6, 3-3
TAN, B-1
temporary RAM used in coding equations,
Appendix J
terminating
a command, 3-1
aline, 3-2
a macro, 9-2, 9-4, 9-8
an interactive session, 8-2
THEN, 9-11, B-§
THROUGH, 2-10, 4-3, B-5
time
response, 5-4, 6-1, E-4
scale, 6-1, 6-2
TO, 4-4, 4-5, B-5
Token, 2-1, 2-3, 3-1
partial, 9-3
predefined, 2-4
TPI, 3-4, B-2
transfer
function, 1-1
factors, 1-1
characteristic, H-1
transforms, Preface-v, Appendix H
Bilinear, 10-6, H-7 to H-9
impulse invariant, H-5, H-6
matched-Z, H-6
triangular waveform macro
definition, 11-3
invocation, 11-8
TRUE, 9-9, 9-11
TS, 1-3, 1-11, 2-1, 2-2, 2-5, 2-6, 4-1, 4-4,
5-1, 5-4,6-1, 6-2, B-4, H-14
consequences, 4-1

UBOUND, 3-3, 5-1to0 5-3, B4
underflow, C-1, H-11
underline, 2-2
upper and lower bounds, 5-2
unit delay, H-9

realization in 2920, H-10
UNTIL, 9-8 to 9-10, B-5, E-10
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Up

impulse, 5-4

step, 5-4
user names, 2-2, 2-6, 3-2
utility commands, D-4

variable
independent, computing of, 1-4
names, 1-4, 2-6, 7-1

WHILE, 9-8 t0 9-10, B-5, E-10

- WRITE, 8-3, B-3

write over a file, see PUT

XOR, 9-9, B-2
XSIZE, 2-5, 3-3, 5-1, 5-4, 6-1 10 6-3, 8-4,
B-4

YSCALE, 1-8, 6-2, 8-4, B-4, C-1
YSIZE, 2-5, 3-3, 6-2, 6-3, 8-4, B-4
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Z,4-2,4-4, B-5
ZERO, 3-5,4-2t04-4,7-1, B4
zero
coordinates, 4-1
creation or destruction via MOVE, 4-4
definition, 1-1, 4-2
duplication, 4-4
error, 7-2, 7-3
location, 1-1
maximum number of, 4-2
moving, 4-4
numbering, 4-3
of transfer characteristic, H-1
real, 4-3
realization, H-2
removing, 4-3
Z plane, 1-1, 1-3, 2-6, 2-9, 4-1, H-6
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