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Digital #ilter, z-Transform
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.- R - ABSTRACT - S

- ~

. The SYSTID Computéy: 2régram allows the user to achieve time -
Aomazin- szrpulnbons of t&‘ecomm\.p,r?hans iinks, snchas the Anollo Jinks.. -
The program is wriifen in FCRZRAN V, and is operational on the NASA/N’SC

~IUNIVAT 1108 system. " The SYSTID program has been designed such that the
. trput data set required-of t&: user is minimal. This program character-sﬂc :
~is achieved throtgh use of a language processor whlch translates simple -
English-language user comn*ands a.nd link element descnptmns and topoloﬂy
into the FORTRAN code necessary to establish a digital filter equivalent of -

' \iz:»ch link. The prograra’s tune doinain simulation technique employs the
b;hnéar z-tra.nsfotm, to reduca rur time, and minirmize the erreors com- R
raonly associated with sampled dats representations.; In addition a-tnodel

_Aibrary bas been urmleme.nted so fhat commonly encountered tele¢ommunica~ ==
tions link elements canbe callad up by the user directly, withent detziled
-user coding. Thésa "brarw_mode!sfmslude link elements such-as rrodulators,
demodulators, filters, Hmiter:, and othier ¢lcments. The system simulajion

~ c2n Le excited by 2 number of time functions;. mcludmg those in its lxbrary,
and the system's time response can be computed in listed oz graphical dutpat
- format, at any point, In addition” posiprocessing routires can be applied to
SYSTID ovtput to convert-the computed time response mto Iz.'erquancy domaut e

- “eopcnscs ‘and perforn'- othesr output analvsl.s. ) TR

B LT TR 2 - . -



Section

PROGRAM USAGE

TABLE OF CONTENTS

D 2 e & m a 807 @ 4 = @ & €c 3 W e A a8 s e B e e sm o=
-------------------

PROGRAM DESCRIPTION

P O I R R A A I R )

.2.1 Generzl Description ..... s e s e s e e
2,2 Technical Description .. ... ... ...
_2.2,1 Introduction ...... f et s et
2.2.2 Comparative Analysis Techniques. , . ...

21 2. 3 AnalySiS ----------------- * a o s @

2.2.4 Method ol Selution .. .. .. .o i v o au..

-------------------------

3.1 Input Desc.n.ptl.on ......................
3.1.1 Input Data Forms and Types .« .vvurna
3.1.2 Data Specifications and Definitions ., ... .

3.2 ©Program Run Preparations . .. ......... S
3.2.1 Deck Setup - 2 v et v v v e cnie s nnsa
2.2.2 ReguiredI/ODevices on i v e i i m v il

3.3 Output Deseription . .. ... . .. ..... .. e
3.3.1 Da.ta.Outpyt,..':. ...... et

~-3.3.2 Optional Ouiput .. ... .t ceennan. .

EXECUTION CHARACTERISTICS - . ... ..o .- i

4.1 Restrictions ... ... A .

4.Z Running Time/Tines of Ovtput . . cv e o v v v oo o™

4.3 Accuracy/Validity ... ........... P

REFERENCE INFORMATION. . .. ... e Clia

5 1. Detailed Flow Chart . ......- . B

E.2 System Definitions . . . .. ..t can .o

5.3 Subrouline Documentation .. .. .. . e e ee

. 5.3.1 ASGTAP. ... ........ PR
5,3.2 ABSIGN ....... e e e e e e e .-
. B5.3.3 COMPIL .. .vcpeucuncnnnennnes .
5.3)4 CREATE . ... ....n..- P r e e ma e
5.2. 5% DRUVI................;...,...
5,3:6 DRUMBE ....0o0004.- A s F e
TOBZT EDIT . .l e e e e

P
LA b e

A AN ]
1 1

t
P

w
]

4
J

1
SN BN W W e

B WWw Wi W W W
|

rhrfnh
(SRR

i

v
IR

reny
B NN

Gin b i
O S N N N N

*



Section

5

(con't)

Appendix
e

‘Page

5.3.8 EINES . . . .. i e i it e canmena .. 5-5
5.2.9 EQUNIT .. .- it v e raamencencas .. 5-5
5.3.10 ERECTS ..... c e s e Gt e s a e 5.5
E.3.11 ERBMSG (.. . vt i i i st nannna .. 5-5
5.3.12 EPITI .. . i s v o s esn s 5-&
5.3.13 GRERE ..... S, ... 5-5
5.3,14 GWIN. . . . .. .t mmreocanan . e 5-5
5.3,15 INCLUD . ... .. ¢ s ere-ereeas- .. 5-6
5.3.16 1LIBQGO3 ........ e a e r e a e 5-6
5.3.17 LIBO04 ...........1 e e aaeaa . 5.6
5.2.18 LISTIO .. .,. . s i eeeennasn PR 5.6
53,19 LISTIT . u v v tia oo omanonssasnanaa 5.6
B.3.20 XIT & il s i e s s e e e am e 56
5.3,21 SYSTID ........... . cre. 5e6
5.3,20 MORGUE .......0scuvsnn-rvawee. 56
54. 3. 2.3 - NADENE --------- L I e 5—7
5,3.24 MNAMIST ..,...... i e e 5-7
5.3.25 NTAB & . - ittt e n s e s e anmamnaea 5-7
5,3,26 PGF/ISD ........... fe e ir e BT
5,3.27 PCE/MSC.iv covevanranncnnn e . 5-7
5.3.28 PREAMB .0 v it vnvncnnnen, "e. 5-7
5,3.29 PUTOUT . v vt vcnasnrvernosons 57
53,30 QUEUE .., .- ot v nraarnsrssnnranas 5-7
5.32,31 RECTUS ... .... s n e e a mate e s 5.8
5.3.32 SETUP. . i s i v bt vt emm s oo nwnsnss 5.8
5.3.33 SPCRU ......... A s TR 5.8
5.3.34 TAPONE ,...... e e e e s s e £.8
5‘3‘ 35 TA?IWO LS ] > & B s & = p LI T I I 5‘"8
5.3.36 TAP 3 ... 04 s cveeanarpsmronnroonans 5.8
B.3.37 THOR. i i s o s e st v s s aesmnrnssssan 5-8
5.2.38 TITIE ... . ¢t it st a v s tmanaesa Jeai- 5e8
5.3.39 USRELT ...+ veuweca-n e e ramae T 5.9
5.3.40 V ...t it c e e et . .5-9
5.3.41 ZWEL ... ccncanan P e
. 5.3.42 PARAM . ... i it T T e e e 5-9
5.3.43"7PROCO5 ..... D -2
5.3.44 QUARTR ... i i eeneeceaacansa 529
5;3—&\5 SUB 1 --;’w-:- :: ;-,“ - me oy - - FRL B -5"?_
5.4 Program Listing .- .;:l.“:rﬁ_ R K I SV 5-9
5.5 Sample Input/Output . .7 - e e e i e .. - 5-%
5.6 B:bhography and Referenccs .\ fi‘_:__ T k.. B-36
- Tl ;,i—-_ - T S N Al




Aopendix

B

Chebyshev Filters o o . v b e v 0 oo s/~

Pacc
SYSTID MODZI DESCRIPTION AND THEORY ..., .. B-)
B.1.0 Model Descriplion . .. .. .. i i in . B-1 _
~B.2.0 Modcl Node Definitlons « v v v s v v v n e a s o B-3"
B.3.0 Listing of Internal Variables and Systid
Library Models . a v v o o s o s e oo sa s o asaos B-4
B.3.1 Signal Generators ... . ... .00 0 B-4
B.3.1.1 Traanscendental Fupctions . .. .. .. B-4
T B.3.1.2 Square Wave .. ......ec0200s-- _B.4
B.3.1.3 Pulse GeneratdT . v - r s e anrarasa n-4
B.3.1.4 Arbitrary Function or Non-Linearity B-5
B.3.1.5 Periodic Function Generator . .. .. P25 T
B.3,.1.6 _ Gaussian Koise Genperator . ...... “B-5
B.3.2° Modulators -
B.3.2.1 Arplitudc Moduattor = (AMMOD
and RAMMODY . .. ... . ... B-9 7
B.3,2.2 Linear Frequency Moduilator
(FMMOD and REMMODY . . ... ... B-10
B.3.2.3 Linecar Phase Modulator (PMMDD)
C and RPMMOD). . ..o n v n. . eve. B-13
B.3,2.4 Delta Modulation (DELMOD) ..... B-14
B.3.2.5 Muti-Level Coding — M-ary Cedes
o "";’\LMLTPCH" f ke e bt e e e e . B-1b6
B.3.2.6 Andiocr/itagial Converier (ATOD) .. B-19
B.3.3 Demodulators ang<s Peroders. . .. .. - B:_Z_l_ o
B.3.3.1 Amplitude Demodulator ([AMB=MOD)Y -
- . and RAMDEMOD]). . o s 2 2 « ¢« v 2 2 » B-22
B.3.3,2 Frequency Demodrlator{F MDEMOD)
and RFMDEMOD). & .+ s sk on o = & . B-24
B. 3.3.3  Phase Demodnlator (PMDEMM and
. RFPDEM).....,..-... ...... B-26
$3.3.3.4 Matched Fiter fMFILIRY . ... ... - B~
73.3.3.5 Frequency Demodulator with
. Feedback (FMFB} v . vceaaaasan B.30
B.3.4 Fiers .. ucoaveaoceaceaa PP P-33
B.3.5. Miscellaneous Models. . . .. PP T 3237
B, 3.5.1 Hard limitezs5...... Qe e asL T T=Ba37
B.3.5.2 Soft limiters. ........ f e e B=37
THEGRT?'TIC;ALL‘B;&SIF'“’OQ ?ihTER MODEI ‘"i':.“;“. . £=1
R eN | Transfer Functmn Response from Pole- Zero
- Models. . ot i d d e ittt e r e s e T-1
-C:2 Generation of ¥ilter P1 ototype Tra:sfer
. Fanc‘t‘.oqs..--‘:::{.--.-.: ...... eeois o G2
" C.2.1 Ideal Filler .2 i3 5778 a6 s v a2 n o 2 5m2
Crz.2 __Butterworth Filers'........... . C-4
CoZ73 C-6



Appendix

{con't}

aoo
U s 0

- K

s Loa

onn
NN
G~ UT e

.

C.2.7

Bessel I'ilters . » . - . .
To be supplied. . ., ..
Elliptic Function Filter

a p s a'w

LR A )

Other Transfer Funciions . ..

Frequéncy Trarsformationsh . ... .. ..
Eguivalcnt No se Bandwidth.. . ..
Transient Resyonse .. ... ....

.....

Page
G-8

C-9A
C-12
C-19
C-20
C-25
C-29



SECTION 1.0

INTRODUCTION

The computer-aided anzlysis of varions systems using time
domain and other digital simulation techniques is well-trodden ground
from a theorectical point of view. However, the practical aspects of
such machine simulation have not heen as highiy developed. In parti-
cular, the fairly recent availability of high speed digital computers -
has increased the cost effectiveness of employing stchh digital time domain
simulation, a technique whose analytical advantages have long beer recog-
nized. An advanced digitzl simulation program iz described in"this docu-’
mentation wkich can be applied to telecommunications system simaulation.

SYSTID, the SAT time domain simulation language, allows the
us er to describe a telecornmunication system's topology and element
characteristics in simple English style text.  Various system elements
are then generated on a one~time basis and stored for subsequent use.
The nature of the exciting signals, each transfer element in the system,
and the desired locations of Olltpll" response are all simply described in
!:he SYSTID language.

Input descripiors to the program, defining arbltrary link-¢lements,
include a verbal and rumezic parameter set apd agpropriate nodal connec-
‘tion data. The SYSTID program then genperates appropriate FORTRAN
routines to implement the sampled data equivalence to the desired conl:ln-
uous system transfer functions. .

= 'Ihe SYSTID input is presently via punched card format, with tabu-
lated and/or line pnnter a.:r.&/ or CaiComp plotted output. -

A numhber of {;v-nca.l An:llo-relatea communications system elements
can be modeled, and siored in a program lidrary,-for snbsequent simulation
and analysis. - = -



- SECTION-2. 0

PROGRAM DESCRIPTION

2.1 GENERAL DESCRIPTION } ' E
: The £YSTID time domain sithulztion program can more accurately

be described as 2 language processor, whick in turn employs the sampled*

data, i.e. z-transform techniques of the SAT SAMDAT program, to allow

user-oriented simulafion of telecommunications systems. The SYSTID

~ program can be applied more generally than to merely the set of telecomm-

unications Iinks: any continnous syster: representation can be achieved.

The main thrust of the SYSTID Software Design has taken place in optimizing

the user-program interface, “The major program characteristics can be

summawz_eﬂ by tln followmg ﬂ:ems -

Stmule‘user»oraenfrd input largvage, Whrk allarg mgar_calectabla
degrees ‘of complexity. These complexity-levels range from the
simplest, where mternany stocred=éiecommunications link element
models are used, i.e., the user essentially writes down phase
modulator”, and the program employs 2 previcusly described inter-
_mlly stored model: appraprintely interconnected to other link
elements as defined by the user. Alterpately,- the user may choose
to redefine certain of-~zch link clement's describing parameter set.
Thus, in the | lmug;‘th«. user-may ‘externally specify 211 of the
describing pazameferSf‘-a eac]_r“nk element, .for each system

- element.™ - _\“‘-;::.\} B

I o ~ =

] Flenblhgr in systerx topologwa& deacnption, allowmg this uopology
1nforma_twn to be tmttahzed ox m.od1ﬁed in successive program runs.

K:f;d- range gf urant S;ggaL,xc:.ta.non can be specified. and-sutput
dal:a. in hated zmd[ or CalComp-plc!:..ed formet, compute& a.t any pmnt
=3I the sysbem.

. o e— ’f‘

A .Ea:.thful re.p esenlz.hon of system non-hmanhes, such as a hmtter,
can be achicved. “This contrasts with alternace system repre sentatmns
oftexn encountered such s polonon-nal expanszons. etc.

“Utilization of bhe b1-1rnear z-fransform and translation of high carrier
frequencies-to baseband frequencies to minimize ahasmg error and -

,yet“achzeve rt,asona.bie run-tipes. - - -

Z-1 |



Thus the SYSTID developrent has e'-'nphas:ze‘d flexibility with respect
to simulated system characteristics, yet minimizes input data requirements :
by means of appropriate storéd telecomenunications system element models

These models typically iaclude common system ele_nents such as angle mod-T
ulatc*s and demedulators, bandpass and lowpass filters, etc.

An 1mportant p;.cgram feai:ure 15 ap 1n1|:1.al|.za tion caﬂamhty to
minimize repetative user input datz requirements. For example, a
phase modulator with a linear phase versus freqguency range of plus or
minus 3 radians and a sensitivity of 1 radian/valt, or a predetection - =
filter tranzfer function given by a 4th order Butterworth-Thomson characs™
teristic are examples of such initialization. These "standazd" charziter.
istics would be modified only upon user command, for those a:*a;ysts
where they cnnshbute a necassary parametru; vana.tzon., :

1t is expected that with the sup-ohed SYSTID hbrary models a.nd
functions and a few user constructed models that most systems will
involve litiie more than defining the topological structire, the inpnts and
" the desired outputs. References to models and functions produce FOR'I‘RAN

- subroutine or function calls in the generated symbolic program. The use of o

subrcutmes ‘and functions vastly reduces the amount of work the ‘processor
must perform. . The subroutines are manipulated by ‘the: utility routines of. .
the computer opera.tmg systemr (for exampie CUR). The technique saves a’
great deal of time and considerably reduces the complexity of the overall =~
Ssystem. Certain types of devices are not easily constructed in the SYSTLD
language, for example the'SYSTID library foutines. Such devices'can : S
be added to the SYST;D sysiem by modeling them directiv in FORTRAN

~or BAL and mformmg the SYSTID "dictionary" about their existence, a

. simple operation nol requiring-use of thé SYSTID brocessor.: The gen- - -
‘eration of FORTRAN subroutines for models will resulb-in‘an efficient ~
simuvlation program. A simulation run will progress through several
- distinct stages; input-setup, simulation, output, and post processing. .

" "Sirce the sunulahon will generally consume the greatest amount of - :

_ computer time,” the system is designed tc préduce sn efficient blmhlatlon -
‘stage, The modular siructure of the program (subroutnxes) and the:
breakdown of the simulation program into distinct sta.ges will allow parm
of the program to be overlayed in core in order to minimize the.use of
core, thusmaximizing the size of the largest permxtted stmdlation. ‘
However, no everiays in the simulation stage are permitted smce sthis z
would mcrease comrputer run time cons;dera.bly. - T



2.2  TECHNICAL DESCRIPTIION ) ;

2 2.1 Introduction

Tim« domain simulafion of systems has classically employed
anzlog computation, mainly in the area of control systems analysis.
With the advent of second generation digital computers (IBM 7094} for
example. time domain simulaticn using digital computers advanced
rapidly with the development of programs such as MIDAS, MIMIC,
DSL./90., CSMP, ECAP, SCEPTIRE, etc. These programs howevar,
were desighed with control systems or circuit analysis in mind. Thus,
the simulation programs which have been available in the past are not
optirmized for analysis of ielecommunications systems. systims which

"possess characteristics not encountered in control systems or circuvits.

It is only with the availability of large scale digital machines,
such as the UNIVAC 1108, that econemic considerations favor digital
computer simuiaticn as gpposed to analog simulation. It will be recog- |
nized that the costs of analog versus digital simulatien cannot be weigked
on 2 one to one basis. For instance, znaleg simulation requires signifi-
cant set-up and check-out time for problem initialization, with additional
time for modifications to the original situation, butfeatures extremely
low unit run costs even for wide-banowidth systems. In this rc spezt. a
digital zimulation. using a well designed program. requires minimum

;'et-up itime, very limited initiui checking. and pegligibl e edditionai time
“penaities for parsmmetric or fopological variations but et higher hourly -
cosis. Further, degradation of the electronic slements of the analog
comptier wray create large solution error, further 11m1tmg inherént . .
a.na.log ecu.v.rnnent fidelity. Mowever, for certzin situations use of an ° -
_aral 2ug or bybrid computer simuiation may be appropriate. In gemeral, -
t would appear that use of digital computer simulation techniques offers
ﬂ1.e most at{.rachve cos t—pe.rforna.nce charzcteristics. .

- Simple acceptance of the worth of the digitdl computer for systemn
simulation does not lead directly tc adoption »f an cptimum digital simula--
tion technigue. Section 2Z.2.2 will touch or same of the several digital

_ simuiation techniques which are available o the user. '

In particular, one unique characteristic of telezommunications -
. systerms analysis impacts a time domain simnulation badly. This charac-
teristic is the geaerally large ratic between the RY carrier and the base-
band freguencies; i.e., one must compute the system's response for a ~
large sumper of carxier cycles while cllowing propagation of much slowe::_
baseband excitation. Appendix A will illistrate the techniques employed
in EYSTID to minimize tnis difficulty. -



Z.2.2 Comparative Analysis Techniques

There are severzal d}.g:.ta.l computer-aided techmques which can
te implemented for téiecommunications systems analysis 1] [2] |21 [9]
{82] {84] [82]1 [97]. These inciude signal power/noise specfral denaity
frequency domain and autocorrelation techniques 25 well as tre dme
domain approach. The use of the spectrakj:banszty appreoach is often of
interest for certzin limited applications, where the phase charazteristic
of the telecommunications link.-elements is not considered, i.e., any
spectral density approach must necessarily be insensitive to phase
transfer functions. This is a major weakness in systems analysis-of
high fidelity . . . The phase properhtes of real telecommunications links
do contribute to performance degra&ahon, and must be considered. The
time dormain approach does not have this limitation, and’in addition, will
inhercatly treat non-linear system element responses in o accurate,
straight-forward fagshion. - The common time domain simulation failing
of excessive computer run time is 0ils=t by the use of 2 high zpeed
d1g1ta; computer and the particular transform: and carrierzto-baseband
frequency translation apprc-ach which i is employed in the SYSIID program,

2.2.3 Analvsic — SR .- =

'Ihe 1.aeoret1ca.}. baszs for the SYS’IID program is dzscussed in -
detzil in apperdix A. In addition, the extensive ‘bibliography gwen in~
this document will:illustrate some- of the extensive work done in this =
arez cf time domain simulatién. The techniques emploved in the SYSTID
program are based in part onearlier work.done ot Hughes Aircraft _
Company Spacc. Systems Division byM Fashano, W. Mayfield, and- .
N. Wagrer, and others [1] [2]. It will be recognized that SYSTID reprecents
& sigrificant program 1mprovement. due toits afer-imaching- interface
design, rather than to any fundamenta.l algoritam developments. The

- sampled-data program aspects of SYSTID have been validated by many -
applications to various telecomrinaicatiors links, such ds ‘Surveyor, — - .-
‘Mariner Mars 1971, and Apollo. - = .

2.2.4 Method of Solution - o s

=2 T The SESiE programnis atwo-phase pTﬁEESStT‘ eonsisting of & -
la.ngt.a.ge processor (translator) and a library. When coupled with the -
UNIVAC EXEC TI system, SYSTID. becomes an. easily t..et’ system S'mulatlou
‘prog ‘am entiraly user-oriented,

S

The STSTID processor "atcepts mp\ﬁ: decks written in the SYSTID
_lanm age representative of systems or models to be nsed in systems.
SYSJ.ID then generates a symbolic FORTRAN * program (for systcms} or
. subr wtine for Ldodels) which 15 thern compiled by the- FORTRAN V compiler.
I e input.I¢Seribes a model, 2 tcmporary enizy is made in the library
dlcucmary for subsequent use. In either cass, the s-ym tolic rnuhn"s are
writtez into the Program.- gorrple:h File ‘,SPCE’% frr subscguent vse and iter-

facing with X EC IL . : -

- 2-4



- SYSTEIV', is 2 complete p:ogrhm whxch is to be executed to simulate
a specific telecoOmmunicastions livk; ire., is a model prcf:xed with system
_pararaeter dezinitions, Lquthutput specﬁxca‘uous a.rd—post-proeessmg
declaratlora. ; - T By : T

e P - - cohs
= __‘ ~

‘A MOD]:L ic a subroutlne which s:.n:n;lates the properties of a devu:e
in ;telecomnnﬁncatmns link, A MODEL is ‘Lharacterxzed\ﬁy defu:ung s
,_\topclogy and comnonents. B = :

. TR -
L——’ .. The followmg will dt-.sc’nbe both the language processoruanitgae -
...sample-data techniques as applied to telecommumca‘;mns 'analysxs and .

“sirnulation. T - oo ._: 3.7 \ N

2.2%4.1 SYS"'ID Language P-acessur _ N C

b}
n
[

The §YSTID: Language Prncessor trans:.ates topologxcal des ‘,nptmns
into 2 procedural method of sclution based upor 2 fixed algorithm, This
algorithm is best clepl,cted bv fmw'-‘-'c‘r-’l the logl\,al structure of 1nput e
decompos:.hon. . - : . .

z P

-+ - The*input da.ta. for a model or system is decomposed intc a set of -
Tinked tatles which define the topological characteristic of the input. Gnee -
the tabl&&are constructed, they are systematicaily scavn#d,” starting ot <he
left node name table entry "INPUT," until a1l expressions are solved up fo-
And mcludmg the right node table entry "QUTIPUI."” The signal progress

_ convention is fréomdeft node to right node; left being the input. Taps, ﬂepend-
ing on content, can be either:inputs or outputs. The output of the device is
. passed to the nexi device j:hrough their commeon node. :

"

=

The 11nked tables of f1g-|1re 2-1 are built and searched by the routine "=

depxcted in ﬁgure 2-2. Whenever a tap is- referenced by-au expression,
the "tap table’ providas the necessary icformation for the reference:- All
address1ng is relative to theinput node of the medel or system, at all levels -
. That is, all-- models generated by the SYSTID. language p;.::rasxm-mecoﬁé*:
I re=entrant,-and each refereace is :.ndepeniieM-a‘;ry‘:ﬂi’erreference to the
<./ same model.” With msdels referescing” oﬂi_er =aodels several times, this
factor is of pnmrnfa-:;-:lmrta.ncr— . The relative addressing is performed by a
ﬂoatmgﬁmdex “which is set o the next zZvailable location by each model rou-
=7 T#ine as it'is entered sc as to provldz for its own storage —eq,urements. )

2 2.4.2 Sampled Diia Modeling - - -

ot

I"he tec‘hmque vtitized frthe SYSTID hbrary for 51mulat1ng conh.nuous g
systems is-the bi-lirear z-trafnsformation. The raajor advantage over the
standard z-transform is that aliasing .errors are eliminated, making possikle
the rezlizaticn of comrnonly encountered functlons whose response does not -
approach zero for high frequenaicc{e. g. high pass, bandstop) ard allowing
the reduction of reqln“'ed sampling fréquency. - Noic that aliacing:of the 51<‘-'-"
nals, nowever. is Posetble if the sa.‘n_plmg ratz ts oo Iow. ‘ . T

P - . - - i~ bl -
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When representmg an RF link, the, a.bxhty to model in the baseband:
region is smmficani. when considering cormputer runtimes. Use of the
sampled data techrique co‘apled with 2 translation process for all RF com-
_ponents provides a reduction’in compute time grossly given by the ratio of
“bzseband- frequency to- RFE frequency. The ~.ompl:.catlon, ‘of course, is that
‘the franslztion results in complex reptesentations of all signals and com- -

it ponents‘ the key’ 5ys“em component beiog continupus functicns or Iﬂters. ;

Appendlx A-presents the mathematical development:of such a process... When
" given azn RF-system, the SYSTID library will trapslate and maintain the® -

- mtegnty of auy continvous transfer function. Whes translating from-a car-

aﬁd pha se ai: ZwL (

‘&iii‘zééi,in' fhe "I';Last' i

Tk

rier frequency {w.}to baseband;. a bandpass Tuhction will have Jbandpass: f,
_Tegions-about the- ‘rquem‘:y origin-and -2w.. ‘The response at -Zug should -
not be of:, vnportanc*{ ‘since the baseband ~gignal shouid be analytic fi.e.,. the
-imaginary.part-must equal the Hilbert fransform of the-real parE).i TIns
means ﬂWspeﬂmm of the ba.seband s1gna1 ‘should 'be zero a:E Eudge .

*-l.gc:m' no‘Eeﬂ that alxas:ng of the ba.seban '-‘élgna]: wﬂ.l occur 'xf the s1gna.l
as fz'egu components greaier than one-half the. sa:mple (Ny'qutst) fra-:
“gudney: '_Also\\tf the! szgnal is not an&lyt:.c, a r'l.pple in the ouf;pm: a.mplrl'ude. =
wp = 2T tan cochZ) zcur. - e :

: rd'lSCL:SSCd heFe and'ii’the dr pendlces have been” P
grea.t success, result1ng urthe SAI "AMDAT hbrary
upan wh1ch SYSTID depen:‘is S

7z



-~ SECTION 3.0
PROGRAM USAGE

3.1 INPUT DESCRIPTION

: “The SYSTID Proces:or accepts input decks written in the SYSTID
input language which represent either systemis, or rodels to be used in
systems, and gererates a symbolic FORTRAN V program (system) or sth-
routine {model) which is then ccmpiled by the FORTRAN V compiler. ¥ the
tnput- deck is a model, it may, depending upon {he user's wishes, be entered *
into the user's library of SYSTID models. If the madel generated is com-
- piled, both the symbolic and relocatable are entered into the uzer Program .
Compla& Fite ¢PCF}, otherwisze only the sy-mbehc is entered .
" A:SYSTID sys*em is a ~0mnlete program which s to be executed /‘-'
-on the, cornpnter in order to obtzin specific information abvut the telecosa-
Younications Lok belug simmdated, A system is a model Egi'mcimh aystome-—
parameter definitions, ihput data specs.f:.cahans, output s speczftcai:ons., and .
“possibly post simulation analysis- Eecb*--&mnm U‘a.ble 3-1). Itis a stand alone
program, I.e., it cannat be mcorpora.ted as sach into azotheér system or
~model., The functional make.up of a system can be described as follows:
'S Sysi:em'pa.ramef:ers. -si:art "u:ne, run tr'ne, sa.mplp f:n'ne, -
specﬁlcatlonS, eic. ‘ -t =t L d <

r,' -

- ‘mput data specﬁmaﬂnn statement: par‘;mg-...erstn be read in a.t
- execution time. - - : - B

.. Output specifications (data to be pnnt =d or plottcd).

- . -~ 2 RSN
s
© X

® Post-processing (ophonal}. =
- RN

] Sta:l:ements deﬁmng a mdel (Topoiaglcal Descnptlon).

- A moael is infended to be a :Subrca%me wlnch *mulafe&!:he _pmpertzes
“of u physical device. in a telecommunications iink. “A moue':l~13 d’eﬁneﬂ by ¢
specifying-its ftopology and its components.- The t—opology m—def -netT B terms\;
B 05' the nodes at \vh*c‘z its compcnenh connect. - :

- N &‘



-~ 'TABLE 3}
SY:TIDI 'HFIERS '

i

P ' " I&enﬁ.ﬁer ) e | s s :':* '.'U‘ser : =
SYSTEM - ok U fndicstes that the-deck follomng
deﬁnes a SYS‘I'ID system

“'3nd1cates. tha.t *he d e clc which _
inlrows ueﬁnes a.,S-YSTID model

‘ Used to 1ndxcate the end of a mode‘l _

By

orjystem decik =~ = R

Indicates that the fmlomng : '.
‘v'a.lues areto'be read in-at exe-.:
-cutlon time by na.mehst (used only

T, *system) name S&S‘I‘ID‘

A ol
L

Indtca:tes ﬂ:e ﬂefault values for f
rameters not mput through :

Indxcatef-‘ a 113[: follows-sPecxf'fmg
ou[:put to be plotted on ﬁi’e/ §

o Tl “mfmfmmm RN E L ol
DY t._;u‘sm..a«r?-\-—-” U T Y S Tt AN S T R TS LR TS




A model component is defired as the following:

e A SYSTID library model

- {s‘ﬁsei' written model - T

» AFORTRANV a)rlthﬁxetlc exprassion invclving any intrinsic .

- . SYTTID system parameters (tabfe 3-Zj;«constants, FORTRAN

= hbra‘ry functions, SYSTID hb:ary fund:zons ‘and model output
nodes {taps }- .

3.1.1 'Input Data Forms and 'I\:pes -

The SYSTID uienhﬁers must precede any topologu:a.l descnptmn‘ -
otherwise, any card order is permissible. All input+té SYSTID is com-~
pletely froe field, Except where otherwise noted; blanks are > totally ignored
in all fields of SYSTID mput data decks. Flgure 3-i &eplcV s%he card data
fields

3 - < = = *‘5_‘-‘\\‘

[ EXPR.ESSION o ;fgg TAP ~ } -
S N 2 TIELD—T L.FrELD_ | .
g Sl Fxgure 3-1.° !

e <

/V

=

The SYSTID field separa%oz may be any nonalp}:anmneric, With two
exceptions. The UNIVAC con’&rol charecter in coluran 1; and the 029 numEric -
skt T (6-8-2). ~

- It is the. respons_lbiht‘y of i:he user to be consistent in using real and
integer numbers ir any expression: Generally in this mznual, all variables
are floating point.-unless the variable pame begms with L thru N {i. e. sta.ndm‘ ==

ard 'E‘OR'IRAN conventmns are. obaerved) C et = .
. - - - :;f‘ A-u— ,c-',
.3, 1 2 Daj:a Specxilca:h.o:m and De:fmrtmns ,:«___;’,—"/
..“—"" -‘N‘ L T

There are two h;:‘»swﬁﬁb ) date cards - Ton® “bemgan. 1r1entxfxex, ~
g t]:e _other a tvocts; fcirﬁ'zgcrtpfor An examp]:e {o‘ each identifier and
‘topologma&’é’é’gznpto_, is gwen below.a

L= LT e - -

©3,1.2.1 sYsTm I&entl_ﬁnr ‘Dal':a - “ ERE =

= s /
- . : = -

Taule3-1 hqt: ‘ﬁhe \.a.ha' ":YST"D 1dent*fxers. '«,»The f’x:aﬁrd/a.;:d forma.t‘
fnr ary SYSTID 1dent1£1f*1:1e.. i ,- v T T

:5»,

e tdentzﬁer b daﬁ- ‘hst or \camment—-e-.._

\ o Al

_where:




“(d) DATAtb var,, vé.rz, ;. . . var

s

{a)] SYSTEM & comment
e. g, SYSTEM = TEST SYS;['ID

(b} MODEL = raodel name, param,. paramss - .« - .

" e.g. MODEL = FM MCGDULATOR, DF, FC

where: model name is <36 chai:a.cteré _
o . param; = armment-s to the model

{c) END ¢ comment | -

e.g. END = THATS'AEL FOIKS

o

e.g. DATA = TSTOP, DT, SETTLE, JOE

wheré: ¥ar - is'a FORTRAN or STSTID variable naing

( \BEFAULtbvarl. varz. PR varn- = B g

e.g. DEEAUL, TSTOP = 100,-DT = 1. 0E-8, SAM ./m.

where. var is a I:'OR:[‘R A.N‘ or 3YSTID vana.trse/

(f) PRINTé namel, namey. . namen -°

,)4 o =

L c':ass._ PRINI:_~ﬂPUI ‘OUTPUT, TAP 9, NODE 6
-—-ﬂ‘:here: pamén is, a.n} vahd:n?d‘e name or tap }mr_‘:E‘hg Systerg
/7 (g ;ggg.r} é namel, nan:;ez, PR narnen s i
e.g. PLOT = OUTPUT, NODE 4, TAP 3 T
:wbéré:f ‘mame s anjg-vahd neae-same -or-fap- mm system
ﬂ!‘:"Pi : lé name, argl, a:-g — :::"—?’;';"%ﬁi;w -

e.g. POST SPECTM, FL, FU, NPTS

wuere- pame 1s the name of the p’)s“t processmg a‘rg are iks

E reqmred a:rguments




TABLE 3.2

JAINTRINGC SYSTID PARAMETERS -

it

Va.riable
. TIME {or T)

©-TSART

Tt

TSTOP

Thomr

SETTLE

dsaoe .

The time as kept Ly the Simulation
Clack (unrslated ¢ a.ctual computer
run time})

The sirnulation start time (i. e.
a time bias for output labeling)
“Simulation stpop time »
Setting timé before sutputting
Sampletime . - T
Used;‘ tgié:éno‘.:e the current ;ignal

Absointe address of the fu-st
data cell” available to tbe— mod el
SVEZELY T L

Absolnte addr ess of the Jast data.
cell-used byrthe medel {V{Zb))

Ea »
4

Dynarnc storage z.r:‘:a:y-
Ad"&r.es:r of uhe cur:rent complex
waiie.. - -

o

. Adaress o£ the current Iea.l tnpui: -

Addzess of the current:outppt '

3. 14159

T

i



© 3, 1. 2.2 Topology Descriptors

A 3.1.2.2.1 Model Description Formaﬁl Refernng to t'he standara

.¢ard format given-in Section 3.1.1 depicting the Left Node Field. (LNF],
'Expression Ficld (EF), Right Node Field {RNF), and Tap Fve].d (.LF),
mode! or: syste-n—rs Lasﬂ.y defined.

- .

Usmg £1gu_re 3.2 for example shows the basic fo:rnat for® a model

,‘descr1pt1.on. A system is s:rnply a model preﬁxe& with t‘ﬁe neces’ sary
'SYSTID xden'nflers. :

}."ODEL % NlLVIE

) charac:tensttcs the first of wh:.ch .nay.be nmne:"c, Byt her
* used'as node names. Tzp naineg-are 1-3 humeric characters preceeded =
J::y the characters. TAP Sequgntla,l numbering | of; ta.ns is :ecommen.dea.
fh€ tap numbers are not sequenttal the SYSTID pvncedser wﬂl;ezumhe:r
them mterna]ly-. Tkz significarce of .the: renumbenng ~will be discussed
. later. The'tap field is notireguired, nor is the ¢ followmg the END: ca

upless it is commented. Model Jecks may be stac‘kea one aﬁe
‘they must preceed a system.”’

or a; system followse meedlately‘
"END; MODEL or‘*SYS.[‘EMare encounte:r:e




. 3.1.2:2.2 PFxpression Field. The expression fleld (EF) may be one
of several expressions as given in section 2, 2,

... The expression content is very flexible, in that FORTRAN expressions.
or simple model references are acceptable. .Table 3-3 lists the SYSTID library
models and their reference, Tt is the responsibility of the user to ensure that
all the arguments to the models are correct, The on’ly'éheg_l‘:ing by SYSTID is
that the total number of m rvuments is correct _ kS )

‘

: Sectzon 3.1.2.2.6 contains tix:' procedu:es necessary to u.pdate the per-
manent qYSTID hbrary. e . e
3.1.2.2.3 Error Checking. The SYSTID processor wﬂl check for
syntactical errors such as missing ¢'s and mangled expressions in the device "
field and for logical errors in the topology, The topology is considered:-
correct if - ) o

' 7(1’) No node connects dl.rectly to itself 7‘ - '_: : .-; -

(2) There. e‘cxsts at least one path from INPUT node to tne OUTPUT
node ) . - .

{3) nvpry danglmg branch ter mmates at a tap

MODEL ¢ BXAMPLE
INPUT ¢ $r$ [} OU'I‘PU’I‘ ‘ :
INPUT & SIN ($) ¢ NODE 1 5
g END $ this model sequaxe the signal

is mcoi'rect since node 1 is- da.nrrimg a.nd does nof have a tap spemﬁcatmn.

” Messegef: e>'p1a1nmg the nature of any.-arror f'nund btr The STSTID
processor will immediately precede the card image: conf&mmg the error on
. the oufput listing, The processor may issue warning and give adv.ce where
it feels ihey are needhd and; occaszonally, make smart remarks, |

3.1.2.2.4 Model Ta.Eg,. As stated earlier a tap 157;511}11;;1}71}1'3: input
or O‘prll'” When a tap appears only in the tap field it is'an output whick may
be refer=nced by other models, A tap is probably most actually described as.’ .
an intermodel node, When used in the tap field a tap has two properties WhI.Ch R

dlstmgm<h xt from the node 1mmea13tf~ly rv eceading it in i:he statemenf:' i

s Atap may be refer.enced outmde of the‘ model as well as u:snde

e A tap refers to the output of the device to w‘ucn it is attached,
nof to the sngwal 2t the prﬂ::(.d,ng node . ' F

3.7



Ar examnple will clarify this difference.

MODZL & Medel with ta.“ps,
INPUT & SIN/$) /2 ¢ node 1 -
INPUT & COS {($-DELAY (T/2)) 4 NODE 1¢ TAPI

"~NODEL 1 © bard limiter 6 OUIPUT
END .

The 2raplitade of the SLgna.l at node 1is SN {$)/2+C D8 (5= D;-:!a}, T/2)) but the .
output signal at the tap is zos($-Delay (T/20. This partn:'.ﬂa.r.nrmer‘y of
taps will be very useful when specifying ouvtput data {fem system :runs ~and’
will in general spec ify model topology. :
A tap may be used in the device field. If has the value of the cutput
- signal of device 6 which it is attached. A tap which appearc only-in the = .
device field and not in the tap field in a pm txcular model is a tap input.  IE-
when the madel is used in another model, th<re is an input-to this tap the
reference to the ta'p is replaced by the value of the fap input slgna.l Any
mput taps whick are not used will ha.ve 2 wzlue of zero, Consider the follow-
fng model: - '

MODEL ¢ MULTIPLIER ‘
IN"’*UI ¢ $“TAPI ¢OUIPUI”
END :

If no connection is"made to TAP] when the muli“_\her is used the outpuc
=ignal wiil always be zeros . - . ; :

A tap may a2ppear botk in the tap fie’d and in the device fie]d,:'w@ich =
makes it an output si.gnal used internally zswell 2s externzally. ~Logically,
the value of th: tap in the device field is just the output s.gna.l to the devu:e
to whlch the iap is 4tta.c.ned 4 : :

MODELdvthls model doubles the signal
INPUT ¢ $ & NODE 1 ¢ TAPOI

. NODE1¢$ + TAPOl ¢ OUTPUT
END S '

In the zbovc example the output signal of the model’is twice-the mput sagnal
2nd the ocutput signal at TAPO1 is just the anut sxgna -

A tap is referenced exu.rna;.ly onl;- from the devt-..e field of‘
anoiher modcl. A tap is spccified by stating’ the name 6f the model and
the tap number: The Tap nvmber is positive for an imput tap, and
negative for an cutput tap. Fhe Right:Node Field of the tap connegj-’on'i




is the LNY of the model reference. - For example, 'c;msider the use offhe ™
- - . - T el
multiple model given above: . Ll -

MODEL o tap use example -
INPUT ¢ COS+$) ¢ NODE L

INPUT ¢ SIN {$) &6 NODE 2

NODE ! ¢ MULTIPLIER $ OUTPUT
NODF. 2 é MULTIPLIER +1 ¢ NODE 1

e

' When the models are pracessed, 2 check is made {o ensute al "'N‘PU‘” taps
have been connected, If not, a warnmg message wdl be issued. (.mtw.t*aps .
are not necessarlly connected. ™ - : e :

The reason for usi'ng the modei input nur’a hame -in the RBF of 2 a.ny tap
connection is to relieve any ambiguities crzated when the same model iz - )
referenced several times, For exampls; a large system could easily contain =
several multipliers. The RNF of the tap connections. uienhfy the pa*txcula.r
multz.pher. being referenced, - R - p=

- . e

R ’]Zaps should bea equentr.a‘ly ordered from Yiothe i_ggest tap nnmbez.
_The processor will not raorder the numbess buf will shift themni info pm?er
position. The processor output, however, will ‘enfput the tap order tahle n
all cases, Nata that TAP1, ‘IAPOl and TAPCO1 are uientx.ca.l and all tap
‘na.mbers must be unique.

3.3, 2:2.5 Ax_;:umaqts to Models, it fs. m’ﬁ desirable +o cozrsh'uct -
general models which reguirea small number of pa:rameterc when actnally = . :
vsed. A good examnle of this type of model is FILTER in the SYSTID library.
When using FILTER, the prcper:[;ad'ameters definihg-the order and type of
function, the bandwidth, et ~"of the fiter mustbe supphed-— In generzala
reference of a model,req»uumg pa::ameters will be of tne form:

- N()DEl(bMODI:.LZ(A B c, D, ...,)¢I\ODEZ

-+ The para.meterﬁ,g{hmh will be requiredfor actual use of the riodel
must be supplied on the model card when constructinrr 2 mode.L' as fotlows:

- ’ MODEL#SMODELZ 649 Bd:'/C;é DéE

Porameters deficed on the MODEL card may be used-in any escpress foxm -
in the device field. When 1sed the model,” parameters rust be supplivd {in
proper-order). The supphed values may beé-constant {1, 3.14159, ...~ -} ’
parameters which are read i in at run t:mﬁ, or mternally deﬁncdtaps S

S -




The r{:}:.]ti;"i.e_r examﬁle ‘can aiso be constructed in the following form:

* MODEL & MULTIPLIER & A
INPUT 4 5*A ¢ OUTPUT
END ‘

- and referenced as ‘fonows: -

MODEL & MULTIUSE :

INPUT ¢ SIN ($) é NI é TAPI

INPUT 4 COS ($-DELAY (T/2)) 5 N2
NZ ¢ MULTIPLIER (TAP 1) $ OUTPUT
END  ©

- The technique descnbed above ccnld also be used to scale the sigral
by any valae. - Lo B

MODEL ¢ MULIIUSE
. IWPUT é SLULTIPLIER (1/3.14154) ¢ OUTPUT
END . Tl L i

v P T
© 3,1.2.2.6 SYSTID Library Proceduzas. The SYSTID Iibrary
dictionary is the element named LIBARY, whléu:nust be present for the

_ f:.rst phase execution. The element provuies. _ L

& Cruass referencing of modct name references and entry points

& ~Flapgs the entry point as a function or subfputine

| I Provides the num'bf.r of requiréd arguments for error checks

° Provides the number of taps and whether each is aminput or
-~ 7 .an output - -

' o Promdes an mdu.a.to; (for future 'ﬂse) as to the phase the model
- is used.-(Presently this f‘a.g is 1gnored) -
‘ SYSTID, when encountering a model referencewn-*‘-‘a expression fteld
will scan the dictionary table fo determine the | proper entry point, arguments,
etc.. "I not iound, -SYSTID assumes the reference is a FORTRAN function.

A partzal listing of the LIBARY element is _given in ta.ble 3-4, the
header is self- explanatory. o

3-10
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-T{;BLE 3-3

MODEL REFERENCES

-~ SINE (y)

- COSINE {y) My in degrees.
L o} L
C.I.ua.re Wave; i : Tt | -
.:Q.JR} where R = frequency or_rate .
Pulse Generator (Penod:.c) d B

"P‘ULSE*(RATE T‘D TR T‘.I.;’ TF)




TABLE 313 (Continued)

MODEL REFERENCES

Pefiodic Functions ° T - -

- PTABLE (I'l. Yl, 'IZ, Y2, T3 Y3, T4, Y4, T5, YS)

BHA Modulatxon 1ndex rat;o

hereg/‘ . ot
T - - -—- - -
=1 1'1 Y1-)- :
. -\ Poict pairs degcribingthefunction—- _
5,5 ] : -
Pefiod = T5 °
i £ Gmssx;;z}fmse uene:ator P .
e };NGLSE ENR, ENB, ISTART) _ -
B R B . B ]
1 T . =
. cnoxsz (ET.P’ WET.A.R“I’)
o Spe DiEmAum L L - =7 __..::j "ﬂ“‘
L7 where’ e et Sh 1
o i 'SNR __.= Sirnal-to_noise ratio desired in band- 3
A | width ENB - B t
| ETA; = Desired noise spectra.‘r cit:ﬁsi‘? )
m?;” ISTART > =oAh posxhve, non-zero integer for’ m:d:xai-
5 . N mmg the random aumber generator
. O MQDU—LATO /ﬁm DEMODULA’EORS S |
: L =TSN = i
Amplttude“\&:ndulaf' TR e e 3
) / ‘_: - - X ‘ =T ‘ - : =
e M JLATOR (BETJE:,__}ZC} e e
Srom -:"- Eat e = e Eg
—— See R g




TABLE 3-3 (Continued)

MODEL REFEXENCES

. A -
Frequency fModuIé.to:rs N
“ ¥M MODULATOR (DF. EC) . ,
oT . .
“BF FM MODULATOR (DF, FQ) _
Or ) N - | - | / -
sQ M MODULATOR (DF, FC) i
: whére' .DF = Carner frequency deviation per unit tnput - '
TFC = Ca*ner frequency i
Phase lModulatoré \ | T ;
- nr:asr MODTT ATOR (B’F‘I_A_ TG i r
- ‘oi-.u, . - ; i';
" RFPHASE MODULATOR (BETA; FC)
| SQ PHASE MODULATCRABETA, r‘c“);’ 3
_ .where: | BETA. = h:ﬁodgzlatio,n il‘;de:; (I_{aé?Zaﬁs}r -
FC =-s;:a;-:isr frequency . _ )
S B - . ’: =
D_eita;M?cIulatcrs L “ - r‘": o7 ‘
B * DELTA MODULATOR (PW PR, T ‘
T W'he:e- _ig’iﬁfl;;ﬂ“ Puise wid_th _ X - : . r»
‘J . ~ - PPS‘ ' -‘.?uls; fe;ietii:iogjﬁtev:._\ -
|
et - - Lz o . w[
=33



TABLE 3.3 (Continued) -

MODTL REFERENCES

by

- Multi-Level Coders (M-ary) = = = -

- FC Carrner f:equency .

i}

. MLTPCM (BT, M) . R
where:-ﬁ BT Bit tune

= N»“-xv Mamber of levels, (stbols]

‘ Amphtude Demeodulators

‘AM DEMOD =

or -

Aok

RF &AM DRMOD . = .

= Note: No arguments xeq_nu-ea

Pnh S

Frec{ué ney Demo duiaiors .
. FM DEMOD {DV, ¥C)
or L

RF FM DEMOD {DV, FC)
whefe: DV Outpud: ma.gm{:nde per unit frequency devxahon

Phase Demndula.tors ‘( I L T R

PHASE 'DEMGD (‘D ﬁ =3

RF PHASE DEMOD (DV I’C; )

)J,

wherﬂ s




TABLE 3 3 {C:mtmued}

Lo

" MODEL REF ERENCES

FM wﬂ:h Feedback (FMFB)

FMFB (NIF NTYPE, &R, E‘J[ BIF, GAII\L FII" ¥C, DV, DF )

- o)
-’

where: - -

TN’%:‘; = IF filter o’;dé;‘

NTYPE = Type of filter

'Ii

pi for Buﬂ:erworth

n

2 for Cheoysﬁey'

3 for' Bessel

= 4 far Bm:terworth-'l’homson .

[HIEN

- _ TS for Elhptzc = o
AR —Ampu!:ude Rlpple (dB;
’EM = M-factor for BT stop'band ratio §>0 1 0r
= modvlar angle (<0) for Elliptic - s
BIF —IE‘Bandw:dth LT
:I-'IF =IF :[requency . U
FC = Carrier frequency | : T
DV = FM 1'3;1 cnmlnato:r co:ls;i;atd: s
DE- =¥ vm O-Devi aﬁgn,—_, ceas\éégﬁ i
) 7 | R
Matched Filter S T i

wbere:’ :‘_’ = 7
Ll S L
o= sl BT = Bitthme .




TABLE 3-3 (Continued) -

.. MODEL REFERENCES

— P P T e T N

FILTERS __

-1 “HITER (NP, IF, IG, TX. BW, FC, AMP, AR, EM) S

-1 DB .L‘TERWORTH (’\TP IG I'X"BW FC, AMP)

CHEBYSHEV (NP IG, FX, BW FC AMP AR)

BUIIERWORTH—IHOI\&SON P, I, FX BwW, FC AMP, EM) -

=EE1IPTIC fNP 1G,_ FX BW FC AMP AR, EM)

pet s
BESSEL (NP, 1G,.FX, BW, FC, AMP)
F whzre: = . : '
c NP~ = Filte:r. order )
IF . =Filter functico -
. = 1 ‘n'ﬁnﬂ:erworth
= 7 fo1 Chebyshev
= 3 for Be::sei

= 4‘f6£77‘]3;9tterworth- Thomson
= 5 for Elliptic -

IG' = Filter goometry
- =1 for 1owpa.§s
L =z for hxghpaﬁ—s
=2 for ban&pas«_
= «‘Lforb =@~ top
] AR = Amphjmne npple (dB) .

EM =M- *’actcr for Butterworth—'l‘homson, stopband
ratro {>0) for moﬂular angle (>0) for e.-lhptl -

M

Jll

- runctmns I o e
R
‘B}ﬁ'f = Bandwidth= "~ o T i, 1
JI-:G = T.ransla-.mn frequency = T ‘ w1
AMP: VOﬁa“c ﬂ'axn {Tatto) at I’X~- . 3 -




‘TABLE 3.3 {Coatinued)

s s e
z 5 -

MODEL REE,ER ENCES

,r S

- _ by B . ’.’/‘:td 7—.6:‘:::_9--
e 1K © T . Remk
= E .
: 0- - o= - Baseband filker -
- . ~ B - Do e
= =‘;>s—._:.—_ - N >0' h \::‘:.:L_:*f—- 3 ﬁ_"E traﬁslateﬂ_ fil__jier ~
30 <6 | "3 | Symmeiric RF trznslated filter
_ - _ - AJ‘ ;/;/J -
Sy | B B
e >0 “,_g-,”i’/'/ Equivalent LP function
jE"" - | ,/;T:—""‘“—‘r - T N
R e P
L . e ~
4 NOT thmmg "he symmeh ic RT «hm"ia.‘.:eﬁ fider will reduncs th:

™

_E_(‘L

7

T

fr

run tune on fhe order Lof onp-half that of the actaal filer. -

Utxl:.zmg the equivzlent Iovi “pass filter w;ll reduce;Tun itme

enthe order of one-fourth that of the actual filtexr.

—_ -

¥ -
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___TABLE 3.3 {Continved)

MODEL REFERENCES B

,Qua".ii1'ati<:_'L]?.=5c{:q_x-s ) -
" QFATTOR [AME,

Al, AZ, A3, A4, A5, A6}

where: . . . =

“Gls) = A.‘;&P*AISZ-PAZS-‘-AJ N

Ads” + ASs + A6

Leadlag Fq:;ctions S ST a3

. " LEADLAG (AMP, ¥\, ¥2, F3, T4) . _ - =~
~ where: . LT . E ; .
A e .

s s s .ok
(“-Fl * ) (2:}"2 - 1)‘

-

G(s) = AMP *

LEAD FUNCTION ,AMF, Fi, ¥2, F3) - -

where . . ‘ - o . -

) B - = E s ] S = ‘ "— 7 b
Gle} = " "(—’zar.z ! (:,rfz”) T

-3
- - T 31 - - v




TABLE 3-3 (Continued)

MODEL REFERENCES

LIMITERS

Hard Lirmiter
RF 1ARD LIMITER
_cox
HARD LI.MITER
wherse: ‘

. Output level = 1

" Soft Limiters
SOFT LIMITEPR {4,  SLOPE])
or

RF SOFT LIMITER (A, ELOPE)
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SYSTID, when processing new temporary models assigns eriry
points beginning with MODEL A-and progressieg thru MODEL Z as each
model is encounterad in any given run, temporary entry is ther made in.
the dicfionary and will be chsplayed on phase ome -output.  To incorporate
any model into the SYSTID permanent library, a permanent entyy name must
be assigned and the library card insérted into the LIBARY element. Note
that an entry point may be given several model rames, = ' T

3.2 PROGRAM RUN PREPARATIONS

When execut= ng the first phase of SYbTID- the procedure PROCS/SYSTID
and the element LIBARY are required along with-the absolute element for the .
first phase (SYSTID). The LIBARY element is the- "'aodel llbrary dictionary.

The second phase requires only the hbra.ry lee con-.&m;nw ail the.
SYSTID library relocatable elements and the elemem:s output to ‘he PGF by
the first phase (MAEWB/SYSTID}.

“3.2. 1 Dcc‘k Setup B T, - . SR

The techpique used oy SYSTID is to output the processed model's to the
PCF as elcrpents named MODELA/SYSTID, MODELB/SYSTID, etc., inthe. ~
szre order as processed When a syster: is processed, its element name is
MAINVBB/SYSTID. Therefore, the user at MSC must provide the FORTRAN .
control card for each of the elements., The modsls generated in the following
ezample are "temporary" models for this run only. That is, any system ’
description can reference model EXAMPLE 1 dusing g-this run only. Models =
are permanent when the relocatabie. iz available and an entry is rnade m the
LI.BARY eléraent used by Lhe first pass.

F1gure 3.2 is the run deck set- -up for the MSC Univac ]108 system.

“ ¥QT SYSTID
MODEL= EXAMPLE DNE

MODELAJSY STID
is generctcd in PC:

- sl % @

ERD.

HODEL= EXAMPLE TWQ - - (

v

MDDELB[ SYSTID

- & w W
'

END

MOUZLZ EXAMPLE THREE

DELC/SYSTID ™=

R E o am T T AL b e ek T 1 P a1 Va7 v (£ e e 50 e G s v e L

'32.1



CnoXeT Cyﬁ

=== LOAD THE PCF WITH SYSTIU ABSCLUTE,PROCS/SYSTID,. AND LIBARY

© % xaT SYSTID

1
1

Y

KODEL DATA DECKS (IF ANYH.
* . [ : . "
1
v SYSTEN DRTADECK™ -
) .
"1 FOR,® MODELA/SYSTID o
: ‘ L . One for sach inodel
. | N jf input, ifany "

. L3 ’ n ;
"y FOR,s MAIN 75YSTID
".XoT CUR - o

.

| DELETE ABSOLUTE AND. PROCEDURE ELEMENTS (if desirable)

o 5
~« LOAD SYSTID LlBRARY}

« SAVE ANY ELEMENTS IF.DESIRED

" XQT HAIN /SYSTID

CSSYSTID  wvusy %  (NAMELIST 170 IF SPECIFIED IN SIMULATION

. B R

Figure 3-3

322



END - '
SYSTEM. USE EXLYPLES DNE,THD,THRES

»

. MAINBE/SYSTID
L]
1]
END N -
"] FOR,s MODELA/SYSTID .
*] FOR,s MODELR/SYSTID User supplied
-7F FOR,= MODELC/SYSTID compiler cards .
D FOR,# MALN /SYSTID . -~ ) )
” XQT MATN  /SYSTYID Af ‘Execute the second pass

Lo
ot

3.2.2 :Requirea 1/0 Devices

'I}x_é SYSTID pfogram contains two phases. The first phase reguires
the Logicsl Unit assignments as follows: :

= Eogical Unit ,: “ Device Size
T.% B s “ Card Reader T - .
7‘5_ (] Jr Yine Printer R
) E ,‘ Sewarel Drpm -
Phase two requires the following I/0O devices .
Logical Unit . Device - Stue
-5 Card Reader
£- P .. Line Printer . i
i3 - T T Drum 250, 000, 1
14 A Drum ‘ 250, 008,

3.3 | OUTPUT DESCRIPTION

. 3.3.1 Data Output

SYSTID ontput consists of the first phase processing andthe simula-
tion or second phase output. -The first phase provides outprt simalir to the
FORIRAN V compiler. TFigure 3-4 is an example of the first phase oviput
for a particular medel. Anoclatiors on the cutpat fully explain their
sigprificance. )
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3.3.2° opﬁo'nal' Outpui

" . The: second pha.sc output is :omple..ely optional nnder user control. ---
—The two forzsofionfpui—are prml:ea and graphxcal presentatmns whose size
- is selectable as 8-1/2 by 11 in. or 11by 14 in. (sec Section 3.1). The. cur—.
- rent version provides printer plots (PTPLT), with the entry. pomt TMPLT -
. réserved for calcomp or SC‘AOEO gre.phmcal TO\:d:l.nes. Exa.mplcs of the output

are conta.med in Sectmn 5 5.

./




SECTIDI;I' 4 o

ey

EXECUTION CHARACTERISTICS

fa. RI‘STRICTIONS

o * The ﬁrst phase offS S.’-S‘»"‘ID, is a stand a.lone prog::m req_::mng
. appro'\nmately 41,500 dec:.mal words of core. All va. ?-bles a.ffectm.g this -

) The,s;eco::d pha.sr, apires the. sa.mplmf' ﬁame (DT) as apa.ramﬁter. ,
B Thxs s,zm.phng time:must c a.refully shosen such tha.t accuracy is maintained .
-.while Ininimizing rin time.” The rule of thumb is'to _sarople approximately . g

. 20.times the highest frequency of intetest, a..tthOugh. in several s:mula.fmns, .
L relaxahon of this’ rule ha: been 'heneu.ctau. ' :

. The ontput,\when pIott:ng;mr post processn.ng, is lxrm{:ed ‘to 50, 000
" decimal words due to drum storage. In addition, a maximum of 10 vanables .
(including {ime) can be stored: . This- includes all ‘Plotied variables. - A pro-
‘_cess in the plotting’ routines will edit the sa.ved da.ta and ium.t the number c%

‘ pomi:s a.ctuaﬂ:g' ploti.ed to' Y 1, 000,

4,2 R'UNNING TIME/LINES OF OU’I'PUT

Execut' on time of the first phase depen&s on the model or syst
: compla.-"ty, but is insignificant when-compared to phase two, One 1o two
pages ‘of output can be expected for ea.ch mordel, s ,

= Execuhon tune of pha.se "'wo is dependen‘t u‘pon the usex's system s
: axd kiz.selection ol stop time and sampling rate.”. bectmn 5.5 _g:rovu..es scm»' -
- ex.“a.mples. Output, aaam“‘ts cu:'ectl Cw.uawl&d"’by‘ rne user. ) TS



23 ACCURACY IVALIDI’I‘X

.A::m.rac*;r of the mmulahon proc.._ss depends on both the selectton of
sampling rate and the. ability to miodel various functions. The techniques
employed have been verified on several programs such as SURVEYOR and-:

Marmer Mars 1971y and ha.ve compared favorable With theoret1cal results.



SECTION 5 0

REFEREN CE INFORMA'I‘ION

The- data. to follorw will further defme the characterxstlc pzv-f:e»v’nes
of the SYS”ID programm ternL of: . o 7oL SR S

‘5. 1 Prowra.m a.nd Subronhne Fluwchartmg

5. 2 Sy'm.bol Defmﬂ.mn -

5.3 Subrout:.ne Docmentah.or'~'

_. 5. 4 Progra.m. Lxsn

5. 5 Sarm}‘e Input !Ou’;:pub

1 . . )
Thesc elcments cansxst s’ ‘-mndrcc‘s ::' shr-c:s o\' comﬁu’cer 11stma s‘uectq

far too bulky te include Ju‘ectiy in ‘,h's d’cca_men‘l.a.tmrr. Thev Have been
provided to MSC. sspar ‘L"‘.Lv. e : : e




5.1 DETAILED FLOW GHAR’II

o -

Figure 5.1 presents thn funchona.l axg-gram of the processes involved -
when utahzmg SYSTID The basa.c functions are uesvsv.ber_] below:
. Data Decompcmtxan tie input Ffata is scanned fcr topologtcac ar. i
- _system datz zad the iaput is stored o scratc.h druam.

g

o  Table Building —the various linked .a.bles ate bu:lf: hased upc»"'—
the mput data,

/,"‘ - - T

& Prom arrrxzene:r..::or —fbased upor the jinked tables angd the library,
=="_ the simulation prog: program is written in the PCF. The listed ontput,
with diagnostics is also printed.

e EXECIT processmg — is necessary to compile Phase H output and
- to load the SYSIID lera.ry.

®  Execution of \/[AI'N/SYSTID actuam simulation of t'he system
utihizing scratch drum for sanng sutont,

. w _Plotting — Printer plots of selectable output. ==

> Post Processing™ linkage to post processing saved data.

‘5,2 SYSTEM DEFINITIONS .- —- -

RN

: ~The kay symbol definitions for the firsi phase of SYST}D are contained

in the procedure "PARAM'™. : :
: In addition the symbols given in tables 3-1, 3-2, and 3-3, as well as

Appendr.: B cemprise the definitions neecessary for the user lnf.erfa-ce.

Infernzl symbol def:.mhons are annotated in the pr ouram11st1ng,

whick serve as the major subprozram documentation.

1 :
The delailed flow charss are separate from this deocurant,
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5.3 SUBRCUTINE DOCUMENTATICON

The material to foliow will list in alphabefical order, all of the
subroutines utilized by SYSTID., A brief synopsis of cach subrouting's func-
tion is alseo given, A compleie cross reference is contained in the flowchart
docymentation provided separately to MSC,

.3 1 ASGTAP

This routine “eeps track of the tap subscripts used in the model
library.

£.3.2 ASSIGN - ' .

This routine assizna the V-array subscripts to nodes, If the node
was previously assigned a subscript, ASSIGI. murely returns the value, I
the node is in both right-hand and left-hand node tables, the subscript incre-
~ment is stored in both tablcs (irn H2 of the first subword under 2 node name).

5.3.2 COMPIL . )

This routine controls gerneration of the body of the model in terms of
its topology and appropriate generatior of describing code of the proper
sequence,

5.3.4 CREATE

This routine creates the model and main elements in the program
complex {ife (FCF), and z2lso the preamble code for models and systems.
(The SYSTID processor presently can create one FORTRAN file at a time
... future up-dates may include muitiple file capability).

5.3.5 DRUM

This routine generates the dimension statement required for the
Drum 1/0 buifer, '

5.3.6 DRUMBY

This routine generates the TORTRAN 1/0 statements reguired to
save data or drum liles for subseguent plotiing or nost processing.

N S



5.3.7 EDIT
This routine edits the input expressicu and replaces the $ characteristics

with the appropriate V array subscripted variable, It 2lso edits the delimiter
sel into a FORTRAN-acceptable set, :

-

5.3.8 EINES L - ) .

This routine maintains a linked subtable under each eniry in the
leff node table, by means of linear linking.

5.3.9 EQUNIT

This routine establishes corresponﬁnnce between a FORTRAN unit
and an opened element in the PCF,

5.2.10 ERECTS

This routine «enerates the various FORTRAN statemenls necessary
to reference a model or functmn.

E.3.11 ERRMSG

. This routine returns the error message and its length in words,
given an crror namber,

5,3.12 EDIT]

This rovtine scans the expression to find model, function, and
variable names., . When a name is found the various takles are examinad %

determine the type of expression.
r

5.3.13 GREBE

This routine maintains 2 nop-linked tablc of the ehpre;s‘cns found
between nods names on thza input deck.

5,3, 1% GWh
This routine procuesses the $YSTID input languane It constructs

the tables and lists necessary for the gencration of the cutput TORTRAN
progsam.

5-5



5.3.15 INCLUD

This routine ﬂenerates Vinclude main list" to include the ca.nned
nrograms for use in the meain program.

5.3.16 1IB 003

. This routine reads in the library element and makes its entries
into the library search program.

5.3.17 1iB 004

Tkis routize is the 11brary, consisting of s linked table of model names
and associated descriptors. It is initially loaded with entries in the "library"

- element.

5,3,18 L1ISTIO

This ro:.t ne generates the read end-write NAMELIST statements

5.3.29 LISTIT

T]:us routine lists the input deck and dxagnostm edited intc proper
: nnsrhon before the error line, .

5,220 LIT

‘This routine converts an integer to its BCD form.. .

5.3.21 SYSTIL

This roufine is the raain program,

5.3.22 LUCHT

This routine maintains the tree of the left node names,

o
x

o~
™

MOGU

This reutine generovas a data statement for fhe "DEFA UL values,

5-6



5.3.23 NADINE

This routiné reads in the input deck apnd copies it on stérage drum.

5.3,24 NAMLST.

This routine gencrates a namehst statement’ tJ read in the variables
m the data statement, ;

5.3.25 NTAB §

Used ox;l-y for SAI.1108 system.

5.3,26 PCF/ISD

This routine performs al"‘ PCF mampula.tmns on the SAY 1108
- system.

5.3.27 PCT/MSC

‘I‘hxs routine performs ali PCF munlpulatmns on the MSG 1108
systerm.

-

5.2,28 FREAMB

This routine generates the preamole or subroutine en"'ry poirt for the
"Modell programs. . .

5.3.2% PUTOUT

This routine generates the printer output statemients buffered to the
amount required for 2 readabie outprt format.

5.3.30 QUEURE

'Lhis routing rm-m*mns a list of YActive r'o"es, i.e. nudas which
‘have’ :.'mcarud in the ripght node i'u\.d bet which have not bcen.. orc\.csscd et.
5]



5.3,.31 RECTUS

This routine maintains the tree of the right node names.
- : o fow -

.5.3,32 SETUP

This routxne is ca.llcd initially a.ud a.ﬁ:er the fompleho:: of processmﬂ
on each model or system, it initializes all the neécessary pointers and .
zeroes the appropriate tables, and loads the work area wrth the next batch
of cards irom the input bufier. Ve .

. 5.3.33 SPORU

.This routine mainiains _the linked TAP tabléé. .

5.3.34 TAPONE

This routine assigns each tap a number, bezinning witls1 ‘and
mcrea.smu' seq_uenha.h o : -

5.3.35 TARTWO -

“.-  This routme dsmgns outp.rt tap »-arra.y subscnpt 1o<:a.t10ns and
Eenerates the necessary: FORTRDR ;mcmws.

LY

5.3.36 TAP3

Th:.s routine gem‘:‘:a‘:es *hc V-arra,r subs\,npted vﬁna.ble literals
for taps in expression. o

£.3.37 THOR

This routine tests for legltxmte FORTRAN name, and xf no’c
returns an crror message.

5.3.38 TITLF‘ .

Thls roifine 1oa.dc the SYSTEM comment into an a.rray‘ {or use by . .
the output routines. -



© 5,3.39 USRELT

. . This routine is an SAI 1108 system routine used ior the creation of
PCF element by users. - It is used by the SAI versicn of SYSTID. B

5.3, 40 Gy -
_ Thxs routine generates the a.xteral V(z +m1} where z is the mput bias.
5.3..‘“ ETL ]

- This roufine mamtams a -mked suhtable beldw ea.ch miode entry in
the right node table (RECTUS), w1th lmear lmktng.

5, 3 42 PARAM

This procedure defines the para.m.eters used in SYSTID Ior fixing
prog-am size. R

-5.3.43 FPROCOS

-~ This procedure defm.es several procedures uh'h.zed throug,hout the:
SYS’I‘ID procescsor for listing processing and linked table :nampulatwn

53,44 OUAPTD

- ——

This pros cedere defines the guarter~word functmn:; s ed in SYSTID.

. 5.3.45 SUB1 R

Th].s procedure defines some functions neccssa"y in ﬂ“e linking
routlnes . BRI e

5.4 PROGRAM L LSTINQ

. The sheer bulk of the SYSTID program listing ( BOD pages of output)
. dictates its exclusion {rom the manual proper., A copy of the lxstmg is
7_ avculable from NASA/MSC .or Systprns Assoma.tes.

5.5  SAMPLE INPUT/OUTPUT . e e

Two example sets are preaantﬂd in this section, namely:

(1) SYSTID iirﬂe domain simulation of a 5th order dutterworth lowr-
' pass filter, excited Ly & step change in input level, The listed
and line-printed plots show the filter's step response, The
Tilter parameters are: Sth order, 1owpass, FX =D, 128 Hz
=3 dB bandwidth, T'C = 0, CAW =

{2} SVYSTID simulation of an Apollo ’CM,/DM/P M. link, whose
~ characteristics ‘are given in figure 5-2. . :

529,
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SYSTID PROCESSOR LEVEL I L
TWERSION OF JANUARY. 1, 1971 FOR THE UpRIVAC 1108 R
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1
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1
4
j

SYSTID MOUEL.S aufEPmCEu;,' ‘ . ENTRY POINT
BUTTERWORTH [ 101 111 1 S

ﬁﬁg

Sao 091 ' SYSTEM . FILTER RESPONSE | _I_w '_’7 e

_ 000002 o T TPAGE, MAKE I1T.8 is2
000093 ~ PPLOT, DUTPUT o
22000004 - - - - DEFauUL, TSTAFET D.:TS:O*’-.GlS;DT-.HOOUS-I\PRINL AU,
pURIGS. PRINT .TINEI N1 OUTPUT - Lo

803056 . o NPUT.1.0,NL _

K§o000u7 - N1 < BUITERWURTH {5 ul:U;rlZB.zﬁ’-;l ) > GUTPUT
oopooa - T END. s T , B

E% ADD -ADDF IL

4y
i
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i t 3
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"@1 FOR,» WAIN /SYSTID:u»Iﬂ /SYBTID

UNIVAC 1108 FORTRAN V LEVEL 2206 0018 F5D18S e :
mIHIS COMPILATION WAS DONE Oy 15 JAN 7o AT 2748322 - e :
r*nmAxw PROBRAK B ;
STORAGE us&g;caLﬁga.‘Nknew LEV’TH) =
0bel | eCODE. - 55270 . C ) T
_ 000G #DATA 0065277
S . 0002  #BLANK UDDOOD e . )
L 0003  GOGENT OUODD? :
| . 0004  ¥SPACE 023421 '
e ... 0005 FLR B047YS e e B
,(:} 0006 NAME 000006 E g 5
o 0007 " INT. 000001 ;
.o . . 001D ~ DIF Q00081 o I ¥
EXTERNAL REFERENCES (BLOCK. mAwE; ’ i !
.. 0011  BUTWTH e ,
0012  DRUMIT : ' i
0013 PTPLYL - |
- 0014 NHWDUE T o
- 70015 NpOzS G - |
DOL6. NSTOPS . 1
e DO T N O S e e e o
. 4 . B T . . - . R - T —/;/.:';‘
STORAGE ASSISMAENT FOR VARIABLES..(SLOCK, TYPE. RELATIVE LOGATION, NAKE)
. .BoDL 0UDO57 1L 0001 000244 100L ... 0000 C00467 iDOOF ?
57 0601  O0GI22 147G ©0061 000135 TLISL 0001  000U26 154f [
Q D001 0DD262 2L sopl 900212 204 000% 00146 2358 - X
T 6001 000225 50L 0000 R 000175 DRUM . 0003 R-000002 DT {
" 0065 R 000G02 F oooU T 60U0TL FIRST T €095 10000008 FIRSYF ¢
0000 I 000433 IS GUpd 1 000441 J 0000 ' 000122 KOUNT ‘
-, 0680 1 000124 WPRINT G005 I 009001 NUMAF 0003 £ 060005 PI :
( ;0010 R 000000 ToT 0003 R 000003 TIME 0006 i 000000 TITLE g
> 0004 R 000001 V 0003 1 000096 VCIWN 0003 17600000 VIN ;
0003 -1 900904 22 - o : i
fo1g1 1 INCLUBE MAINL,LIST - ' )
Ugles i= FRARAMETER VS[ZE=100007- ’
Teic4 1= PARAMETER FS1ZE=H08 ' e
Opins i " OINTEGER FIRSTF, YoyT, \ILNH.;ZT’.fo.IN:F'RST‘TITLE(ol
Uoloe 1= PIMeERNSIOn PRI T(b;iﬂ) : & THE PR fogts
50y7 1e COMHON /UO3ENT/ Vl”p’uul;uf;? ME#2Z,P L, ¥C i o8 -
3140 ie CUMAON FVSPACE/UUMA  VIVSILE . @_S1ZELS FiXse
ubliil 1w conton /ELR -/ FI*STF,NUHHF FE2)FSIZE) @ STZE 1S FIXEL
S - SCH £ T o
CUETTETTTTY ;




q
e N 18
: % 00114 ° 1+ COMMON /DIFsF TOY , S
-0 00115 ie - DATA P/S 14;592?1.Fmsuw KOQUNT/L/, SETTLE/D, ux.m‘mm/u T
2 0p123 1e LD ) e L i
"%ﬁﬂlZ‘i 2% “LIKENSION DaUmM(10a, 29 D .
8-,)125 3a _DATA TITLE/'FILTER RESPONSE '/ :
6127  4a "DATA  TSTARTY/0./,TSTGP/,015/,DT/, 00005/ ,NPRINT/2/ -
o134 Se INCLUDE FAIN2,L1S8T ‘
00135 5% IFC(TSTOP-TSTART}/DT.GT,0) GO TO 31 @ ARE THEY REASDH:
00137 54 KRITE(S ,1999) TSTART, I%Top.m C® NO, TELL THEM :
00144 5% 1999 FDRHATHX Tes ERRQR-ee  THE VALUES TSTART=!,E12.6,' TSTQF=
N G014 4 5a . e ' DI= -Ei?.bv' AR: U'\IRCASO\U«SLE L R 3
0G145-°  S5e. STOP Hj R S
4 00146 5 11 D06 1= 1.vsrz=
@09191 5% 6 V(1)26,0 E . ® JUST TD MAKE .3
i sL,.aa Se ... PO 7 §=1,FSJZE- ° o @ IN CASE CORE h:
¥ 5% D07 J=1.5 T "
4 00 5o 7 Ftd,1)=0.0 @ NOT BEEN ZErc::.__
gguaiw 5e. - DuMMY=0,0 e ® FOR FIRST TIuz 7
T O0L165 Sa CDTZ=DT/2.0 ' E
‘%vons._ 5a ThT=2,0/0T : R , iR
%Q 00157 5w  TIME=TSTART~DY & yg ggr STARTE: 1
00170 . 5w SETTLE= TIM:-l-bETTLE ' D @ SETTLING TINE ¥
(}0‘71’ '5{’ Fto-eoooiﬁgcvctctoec:oouoco.o.onl.oonst.---ovvc'ognv'oonoc'.'-’
% 60171 Sa e THE SIMULATION LODP BEGINS HWERE, GOGD LUCK SIR, g
'(1 00171 5’ a.ll;l...l;u-.Ql"i‘.?&.llli.l‘llllllll"l."l'.‘!'.!!'!'lll"-" -
4 oo171 o 5e 4 TIME=TIME+DT | ) i
f.gowa 52 CRzE2 el T ? .
SRS 00173 5% FIRSTF=1 @ INITIALIZE F A7) K
'.""74 G V1=l o . ' @ FOI MY SAKE - i
e V0175 B¢ vouT=2 e FOR HKE'S SArRT:
r-‘% 0176 T 5% A 2 A % FOR SAFETY'S Szt~
Bgg177 5¢ GD:TO 2 j
06200 5 »1 CONTIRUE : T B o Ik
Boveoy 5¢ IFCTINE,GT, ISTOR) b{) m 100 ’ ® IF FINISHED LE: -
z1d 00203 5¢ END o
= 00204 B V(Z+3)1=1,0 ) B ,
—::Fcuzoct 7¢ € T BUTTERWORTH . ST o i
Higatuans 8% VINSZ+3 , - S .. F
T ocers g VOUT=2+4 o R T R
muoan 10w CALL BUTWTR(5,240,:128,:0,,1,} = ) ]
_‘gf-uma i1 INCLUDE MAING,LIST .
\r\f 11 - IF(TI®Z.,LT,SETTLE) GO TO 4 ) @ =sKIP 1T 17
D I R IF(EDQ(FIRST._NPRINT)_N:.B) GO- TC- 20 @ PRINT 1T 27
.Efcz’:s 11« END - a : ‘ ‘
300218 12¢  © PRINTED QUTPUTY
¥ ouG2i6 13e IF(FIRST.NELD) GO TQ 15
- 3F00220 14% FRINT (1:1)= 7 [#E" .
;QQIIJREJ_ 1%a tJR]ETtlld)=‘kl‘ e
CR22 16¢ FRIRNT(L,85=TOUTPUTY ) g4
223 17+ NODES=3 ‘ ot
27 4 1ps NPAEGE=S - N P
1225 19+ 15 KOUuT =xOYNT+1 Cree U
1226 zos PRIKT(KCUNT 5. )=TINE ' T |
L227 2w FRINT (RUUNT, z\—wzw:. : v
230 e C BRI ﬂ(fUu.';” Sy=v(2Z+4) :
231 23+ CIFLRGUNT LT (NPAGE) GO TO 2y ; K
23% 243 INCLUDE MALWS,LIST 7 - , [
JEESe g =T BT J—.“NCDES,_‘" ': e e = e },J
’.2*5; At - ‘;“"..‘.;‘-.. ..,.o_._:.-‘_“.‘.u P 'l--oul-.llc'.(t-‘.ii:‘j‘l:;h’nloq'r'v'.':‘,‘;.Jt|l-l 'L‘:;




sraw .

0gdae
00247
_Go2s1

=

o237 B

2 4o 216 WRITE(S+1000) PRINT(I,Jd},[=1 NPASE)

24+ 1Bd0 FORNAT{OX, A58, 7(4X,E12,6))

24w WRRITE(6:200%) e . -

24« 1001 FORMAT(//7} @ FOR NICE LEOxK;
243 ENG , '

25« D KOuUNhT =2 T . -

26% 20 COnTINUE 7

27« IF(VOD(FIRST+1 1CJ} NE, 0) GO TG bﬁ

2862 . -CALL. DRL"Q]T(?DDHUMpIJ\ ) _

298 - 50 lhuEx-fUD(FIRSTaiﬂG}+1

208 DHUM{ INDEX, 1Y =T INE’

Iin . DPRUNMCINDEX, 2)=V.(2+4) . e

32w INCLUDE MAIM4, L1sT

I2¢c. FIRST=F IRST+1 ® LgS¢ COUNTER
Ziw GO Y0 4 | .o A R & Loop

52ﬁ' ° @C.l.!".C|l.‘|t"ql!“"'ll...l‘!."'l!.;..c!.Ql‘.l“li'ﬂ.
32¢ 100 CONTINUE .~ . - 7. - ' @ FINISHED
_32% END ;__V>_“~5_L“;“_ o

33 CALL DRUHIT{Z'DRU%.13) : L .

L CaLt ?TPLTtiS 2.‘UUTPUT!;FIRST NPAGE} Loos -

354 ; S10P T e e e
Iha . 2 28=22+ -4

374 G0 TO 1 )

3= _END

'END"OF UNIVAG 1108 FORTRAN V

COMP ILATION, 0 *DIAGNDSTIC® MESSAGE(S)
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CTIME
N1
DUTPUT

CTIME
N1
ouUTPUT

CTIME
N
ouTpUT”

5

TIME
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TINE
N1
L DUTPUT

TIME
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TIME
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DUTPUT
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cuTPUT

- TIME
Wi
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TiMe
i1
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L800000-03
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.756296-01
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103000401

L400000-03

+108000+0%

\351265-04 _

+103090+01

75723203

100060+M

~ 448759~02

J160000-92

11 OUQU 0'+'Jl
+1515881~01

200000-02

.109600+01

375133-03 .

+1003080+91

«100000+01
21322214020

«320030-92
+100000+012
2207531+2¢

3602000 -52

19393241

wSugsietul

T L100090-03 ;

L108030+01
18315206,

1

!

T s0p0p0-03

,454285-D1

L220000-02

«10000G6+02

2 936974=04

T .906000-03
«100090+81

“.240000-02 T

_+127570-02

,10n800+01
. ,633914rﬁ?

.200000-03

+1800C0+01

197848-05

»100000-01

 ,210531~03

7 .330000-02 -
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10039 0+01
4194937301

© L210006-02

JA0p0pd+01

L2B0000~02
. .100089+01
W879837=D3%

T L290050-02

,,1080600+0%
149375400

.33£000-02
.108000+91
.229629+00

L376000-02
L 100000+51

U
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7,100006-02

«1090p0+022
«202863-02

«109000+01

246125~01

’-’

,220000-02"
.130500401"

. 548856m01
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,100000+01
(167719400

.340900~02 -
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2252427+ 0C

(320000-02
(19900301
/552326400
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,106000%01
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.706000~03
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»416206-03

© ,110003-02

,140080-02°
L 102000+01
.B67789-02

“.18ags0-02

v109000+03
+307718-02

,150000-02

«100000+03
+116055-01 -

.198000-02 .

. +1000060+01-
 +644407-04

\270000-G2
(1000004017

116273406

,310000-02

L100538401
187232+01

«85200C-02
L100000+32

~+276220+03

SECOsU-U2
100000+ 8L
?353ﬂ0d+?0

303954010

' 230000-02
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TIKE
N1
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Tire
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.550000*62
120000001

407714+00
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“L100000+01
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.480000-02
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10000001
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,100000+01
,611291+¢0

.510800-62
,105000%01
726596400

«S50000-02
«100000+03
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TIME
Hi
oUTPUT

Tlhh

JTPJn‘”"i”

L B00000-02

10U 00 0+01
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S L100000+01
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10500001
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«B8200085-02
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P - MODELA 1 1 0
i3 D PROCESSOR LEVEL 1 o
3;;22 OF JANUARY 1, 1971 FUR THE UNIVAC 1108,

. + - ’

T WAS PROCESSED ON 22 FEB V1 AT 11335331,

G 5 O

"ID MODELS REFERENCED

?; 50"

ENTRY POIRT
50

QMODEL ASSIGRED THE ENTRY POINT WAME MODEL 4,

" '}
E
15001 MODE| =NRZ JBR
.:%2 INPUT < smawz Yy > o
£ K Ni € $e.5+.5 > OUTPUY
4004 END

Figure 5-2

TAP OHUDER-TAPQOL
TAP GRUZR-ZAFDG2

Listing of SYSTID Sizowlation of Apolle' PGCM /PM/EM Link



LiPOLLO PCH/PM/PM L]NK
SYSTID PRUCESSDR LEVEL |

»{ERS]D\! OF JANUARY 1, 1971 FOR THE UNWIVAC 1ipe,
HIS DECK WAS PROCESSED ON 22 FEE 71 AT 11135132,

1

%YSTID MOBELS F‘EFER ~CED

ENTRY FOINT

, .
i NRZ  MODELA
3 SOPMKOD SOFPMOD
e (:} RFPHASEMODYLATOR RPMIMOD
x S RFLIMITER RFLIMT
g BUT TERWOR TH PUTNTH o
S RFPHASEDEMOD RFPDEN
H LOOPFILTER LEDLAG
z a FHMMODULATOR F MMOD
.3§EgAP ORDER:. 4 TAPOO1 2 TAPDBOZ . -
!
g E%onous SYSTEM . APOLLO PCM/PH/PM LINK o
- 000006 PAGE, SMALL .
. BY 0007 DEFAUL, TSTART=Q,,TSTOP=,03,DT=1.5E-6,NPRINT= 200
JO88 DATA = DT,TSTOP,SETTLE
600609 PRINT, TIME,N1,N10,NL3,0UTPUT

T g 00020 _PPLOT, DUTPUT  Ni,N10,N13
© ER00011 INPUT < NRZ{L128,5 »:N1
5900012

- Hi € SOPHHODi{P),32.768E3)% N2
000013 N2

'SRF PHASE MODULATOR (1.,0,:10.E6) > N3
00014 . ‘N3 < RF LIMITER > N4 '
n0gLs - : N4 < BUTTERWORTH (5,3,10,E6,64,E3,10,E6,1.) > N5
- 000016 _ ‘N& € RF PHASE DEHMOD (1.,0) > N6
CEpO0DL7 N6 < BUITERMORTH (5:3,32,768E3:384,,0:,1.) 7 'TAPi
gac ‘18 K N7 < &% > NB - '
: N8 < $eTAPZ > N9 ' _
H i D020 - . N9 < LOOP FILTER (200.,1,8775994,0,,,19751719.0,5 > Wil
é"§E§09021 Nig € £M MODULATOR (2,#P1,32.768E3) > N1t i
g u6ngze - N1L € $55-0.5 > Ni2 tTAPZ
006023 ' © - Ni1 < $#TAPL > N1IJ . _ E
=§200024 . Ni3 < BUTTERWORTH (2,1,0,,128,,0,,1,) > QUTPUT

60025 END



OR,& MODEL A/ SYST D, M( DELA/SWQTIJ
AC 1108 FORTRAN Vv LEVEL 2206 0018 F501q°
COMPILATION WAS CONE ON 22 FEB 71 AT 11:35:33

- aUBROUTINE MODELA ENTRY POINT 0DDUS6

STORAGE USED (aLock, NA&E,,tEﬁGruz

0001  eCODE 000067

" DO0C  eDATA  0DG22
D002 ¢BLANK 000030

. 0085  COGENT gooan?
0004  VSPACE DPODO3
Qf; 0005  FLR £00014

EXTERNAL REFERENCES (BLOCK: NAME)

bo%6 30
go07 NERR IS

STORAGE ASSIGNMENT FOR VARIABLES (EtDCK.'TVPEo RELATIVE LOCATION: NAME]

0001 0BGOEZT 4L C 0581 555035 2L . 0003 R GG0O0Z BT oG =)’
0005 T GDOQOOD FIRSTF 7005 I 0GBOOL NUMF - 003 ! sceoes Pl Goezl :,
£ 0004 R 0O0DDOY V © 0OB3 1 CODDDE VCIN geo3 3 000000 VIN 00633,
4 0000 J 00GOOD Z - 0003 1 000604 Z2Z : s %__
. N
1# auBRourle HODELﬁ(BR) , , )
2¢  CHODEL Nid : )
3w ~ INTEGER FIRSTF,VybUT, VIN 2,27, VSAVE VCIN He
4o ~ COMUON /COGENT/ VIN.VOdTouT;TlﬁErZZ:PerCIﬂ _ : =
L COMMON JVSPACES DUMMY .V (2) ® SIZE FIXED 4N AT
6o COMMON /FLR 7 fIRQTF:hUWF,F(SpZ) @ SIZE FIXED 1M ™21
© 7e - hQUIVALENCE(!IVE T) , @ ALLUOW BOTH
Ba ' 2=22 o - C
9“‘ GO TO 2 . -
10+ 1 CONTINUE ‘ S : s .
i1= VSAVE=vuwr - = < . ® SAVE THE QUTPUT &:
i2e Y{Z+2)=viylH) : : L -
13= € - . s9
- 14e LY IN=242
15 VOuUTSZ+35 :
iee " CALL SU(BRZZ.) ‘ o ' - v
17+ o VZG )=V EY e, 5 S ) L o e
igs VIVSAVE)S V(7*4‘ L . ‘ :
18 . . KETURN , e - ) T e :
2ne 2 i7=Z+ 4 L ' A
21 50 70 .1 : oL E - s : g
25 . _ . 222 .. .;:._,.-o;:‘-.!» i el ; 7.

o‘v lkﬂucsricﬁ m¢55ae (S

S

END OF UNIVAC 1108 FnkfaAw v Lovpltarzwa,




VAC 1108 FORTRAN V LEVEL 2206 0018 F5D18S |

stR.* MAIN /SYSTID,MAIN /SYSTID g
'S COMPILATICN HAS DONE ON 22 FEB 71 AT 11:35:135

“MAIN PROGRAM
L STORAGE USED (BLOCK, NAME, LENGTH}

0001  sCODE  0Q0S70
i 0000  ®DATA  BB1241
5 0002  eSBLANK 000000

6003  COGENT 000007
~7.6604  VSPACE 023421

X_ /0005 FLR . D0470¢
0006  NAME 00000%
E 0C07  INT 000001

0910 DiF oooonl

EXTERNAL REFERENCES (BLOTK; NAME)

p0L1l  HODELA
0012  SQPMOD
QD13 RPMMOD
0014  RFLIHT
G015  BUTWYEH:
0016  RFPDEM
0017  LEDLAG
{020  FMMOD
0021  DRUAIT
. 5022  PTPLT
5 0023  NRANLS
[ 0024  NKNLS
0025  NWDUS
0026  NIO2%
0027  NSTOPS -
0030 - NIO1S

. STORACE ASSIGNMENT FOR VARIABLES‘(BLOFK: TYPEs RELATIVE LOCATION, NAME)

0001 . Q00067 1L 8061 000463 100L 0000 001150 1000F onazE

0001 000030 13l ~ 60pil 000341 15L 0001 800032 157G SangiE

0020 . 001136 1959F opgl | 0ense2 2L 0001 000422 20L 090 g

0001 000502 355G - 0001 000507 3616 0001 - 600054 4L 008

D9G3 R DOGLCZ DI T p067 R 63306 DT2 D004 R 0O00DD DuMMY 0CozE
= Ce0S 7 800060 FIRSTF 000D 1 091134 1 0000 ! 601322 ikDEX Q8L
08Gh [ 001112 1% 0600 ! OD1415 J gooo 1 600122 XOUnT . . 0OCTE

0000 | 006124 NPRINT 0005 1 G0OCOL NUMBT 0603 R 000005 PI - e

g3 08ghns 1 ) goit R 005000 TUT - QO3 R pOOOG3 TIME -

CLB0 R §5i1t11l TSTOP  ~ 0O0p4 ® 0pesty Vv DEO3 1 000UCE VEIN

2000 1 S S

002950 % £O03 1 00DGOY ZZ




g ;ﬂﬂiﬁi e INCLUDE MAINL,LIST

053103 ie PARAMETER VSIZE=10000
40104 1% PARAMETER FSIZEzb0Q0 &

F‘“ﬂlﬂS in INTEGER FIRSTF,VOUT VIN,Z,ZZ,VCIN,FIRSY,TITLE(H)

gi\Jlﬂé iz DIMENSION PRINT(B,10) @ THE PRINT BUFF:
00107 1% : COWMON FCOGENTZ VIN,VOUT,DT, Ti“EuZZ:rIvvclN

00110 ie COMMON /VSPACE/DUMMY, VIVS1ZE} ® SIZE 1S FIXED J

1400111 1e COMMON /FLR / FIRSTF,NUMBF,F(S,FSIZE) @ B1ZE 1S FIXEpD -
00112 1% . COMMON. /NAME/ TITLE, ‘
00113 i¢ - COMMON /INT/ DTZ2

F300114 1% COMMON ZDIF/ TDT

300115 in DATA Py/S, 141:927/.F1RST/O/,KOUthll,SFTTLE/D D/:KPRINT/1/

S (115 3% T 14 EQUIVALEMNECE (T,TIME)

00124 1e END
tEgobizs 20 DIMENSION DRUMCIDO, 5)

ioBDLZE 3a NAMELIST/SYSTID/DT, ISTOP,SETTLE
b O N7 4e DATA TITLE/'APOLLO PUM/PM/PM LINK v
EJ P 5% DATA TSTART/0./:TSTOP/,03/,DT/L.5E~=6/,NPRINTZ200/

t 2200436 6o HEAD (5,5YSTID
Lo 00144 7e . HWRITE(6.,SYSTID) -
£r300144 -1 , ENCLUDE MAINZ,LIST
L 400145 ge TF(LTSTOP-TSTART)I#DT,3T.0) GO TO 11 @ ARE THEY REASD:
i 00147 ge WRITE(S -1999) TSTART, TSTOR: DT @ NO. TELL THEM ¢
iFI00154 8= 1999 FORMAT(L1X,'#2 ERROR &¢ THE VALY Es fSTART *LEL12.6.1 TSTOP=',

g§§00154 g v oV DT=',EL2,6," ARE UNREASONABLE., @
¢ 00155 go bTOP Hl

§p§00156 ge 11 Do 6 1= 1, VS12E . :

35300161 ge 6 V(1)=0,0 @ JUST TO MAKE S
100163 gw DO 7 1=1,FSIZE i : ® IN CASE CORE m:
Lj.. 1166 ge DO 7 J=1:5 ‘ . . :

[EEvg171 ge T E1¥E0, 0 : ® NOT BEEN ZERGET
".i'ﬁﬂf’i” e - DumMpY=90,0 o ‘ ® FOR FIRST TIuE
= 00178 gr D12=DTs2,0
“iaGdl76° | Be TD7=2.0/DT1
00177 ge TIME=TSTART~DT @ TO GET STARTED
A a02d0 Be SETTLE=TIME+SETTLE € SETTLING TINE
-‘ocznl " B* p:»vlle'o'lvt'cocr-ltlt;nl-'o.ccloocl-oo.'l--t-ﬂlel'l!t"!'-
‘.-.‘300201 B ® THE SIMULATION LOOP BEGINS HERE, GOOD LUCK SiR,

002{]1 8° Gi'vbcr"v'vvv'vviiv'-bvvoiuv!v-'|\‘v|r|0|etunotvna"-a-n-n.

© 00201 ge 4 TIME=TIME+NT L

vguoanz g# 22=2 -

1400263 8« - FIRSTF=1 @ INITTALIZE F 4:
. pDzpa ga VIN=1 @ FOR MY SaxE

;Fgl E 84 vouT=2 @ FOR MIKE'S 5ad?

i E300%w. 0 §e £=17 ® FOR SAFETIV'S §
00207 Bs - BD YO 2 :

: 08710 Be - 1 CONTINUE

(fpioez2sy Be IF(TIME,GT,TSTOP} GO 7O 100 ® IF FIKISHED LE:

Rl {15 8] Be END ’ -

i D214 Da 10Ti=Z+2

Fln0eLg 10% 107222+3
SITIE 11# C NRZ
QL2145 . ire VIN=Z+4
™moeei7 o 13e VOUT=2+5
LNERE o Lde CALL WMODELAL1ZE,)
4279 15 Cc SOQPMMOD
nucz?l 16 VIN=Z45
. ,,d02c‘7 ive - VQUT=Z+46
"‘:fGOZc . 4iBe o CALL snPMBDKDI 52 768

AR 5 2:‘ e




m

3223 ive ¢ RFPHASEMODULATOR
a0 224 >0 VIN=Z+6
pp225% 21s YOUT=Z+7
,J226 22n CALL RF‘HMDD(l G,i0., Eb}
206 23 ¢ RFLIMITER
30227 244 VIN=Z+?
230 25= VOL‘JT=Z+B
231 260 CALL RFLIMT
.30231 27 c BUTTERWORTH
&8 232 28a VIN=Z+8
Eiezs 298 VOUT=2+9 '
0023 4 30a CALL BUTWTH(S, 3,40.E5, 64,E3,10.E6,1, Y
08234 31« C RFPHASEDEMOD
703235 32¢ Y IN=Z+9
éﬂai::1 zs VOUT=2Z+10 . :
0p23_7/ 34w CALL RFPDEM(1,0) Tl
{73257 I35+ ¢ BUT TERWCR TH : | :
L8240 366 VIN=Z+10
Ro0241 37« vOUT=2Z+i1
449242 . 38e CALL BUTHTHLS,3,32. ;bscs.ssa.,u.,l.,
13243 39s VOIOT1IEv (241 1) o
ﬁ%244 40 V(Z+12)2v(Z+1L) BV (Z¥11)
N0245 41w VIZ+13)=v(Z+12)#V(]0T2)
Fy245 42 ¢ LOOPF 1L TER
¥h246 43s ViN=Z+13 , P
§0024 7 44n VOUT=Z+14 - i
B5250 45¢ CALL L'DLAGCZUU.r1.87759?41011.19?91719.0 }
i 250 468  C FMMODUL ATOR
®00251 470 VIN=Z+14
BEy 252 48e VOUT=2+15
iy 253 49« CALL FHMMOD(Z, uPI|3¢ 76BE3)
0D 25 4 S0 VZ+16)=V(Z+15) eV (10T}
W10 255 Sie VIZ+17)5v(Z+15) 8V (Z+15) 0,5
%256 52e VLIOT2)evIZeLT)
59256 53¢ C BUT TERWORTH
00257, S4e VIN=Z+16
FEZ 260 55% VOUT=Z+18 .
i 261 566 CALL BUTHTH{Z:1.,0,,128,,0.,1.}
Hoo262 57¢ INCLUDE MAINS,LIST . ‘
W92635 S7¢ IF(TIMELLT.SSTTLE) GO TOD 4 ® SKIP :T 27
265 57e ' IFfFDDlPIRST NPRINT), NE,0) GO TO 20 @ PRINT 17 2%
2 : wie eND -
M 2g+-  58s € PRINTED OUTPUT .
L3270 595 IF(FIRST,NE(D) GO 7D 15
5272 . 6% PRINT(1.8)="TIME!
0027 3% 6le . CPRINT(1,2)=1n10
€% 27 4 62¢ PRINTI1:33='M1G°
Ly 875 &3¢ : PRINT (1,4 )2 'HL3?
00276 6ds PRINT(l:SJ"OU.PUT'
BRE7 T 652 NODES = b
L0 662 -NPAGE= o
E6363 6T 15 KOQUNT :Kcurﬂu -
rap? 68« } PRINT(KOUNT +2)=TIVE
Prand 6Ge PR]‘NT(KOUNT:?J):‘».‘(Z-&&L
sl 30 4 70% . PRINTKUUNTAZY=V(Zv14)
353 7ie PRINT (KOUNT 422V (216}
r2ds LA PRINT(HUUNT 5=V (Z+18)
ERUE 738 1r‘ksuw:.Lr NPAGE) 60 -TC20
50311 74c o INCLUDE MAIN3,LIST : .

e e, e



74% B0 16 J=1,40DES

74b @'lttvlr'oP*‘""-ltn.-'rv'-ov'-vvl'osrvorelvivwvni.t.-.>-

74% 16 WRITE16.1000F (PRINT{!-J),1=1,NPAGE)
74s 1000 FORMAT(GX A&y ?(4',:12 611 ..
748 WRITE(6,2901) : : 'g
74= 1001 FORMAT(//) R ® FOR “IC: LOJK!'—“
74% ERND ‘ . 1
75 KOUNT=1 : i
760 20 CONTINUE gl
77% . JFE(HOD(FIRST,100Q),.NE, D) 'BO TO 50 !
78¢% o IF(FIRST,EQ.0) GO T¢ 50 '
79a ~ CALL DRUMIT(S .DRUM:.1i3) -
80 50 INDEX=MOD(FIRST,100}+1
8is - DRUMCINDEX:1)=TME ‘
gz=» DRUM(CINDEX,2)sV(Z+18)
830 DRUM{ [NDEX, 33 =V (Z+5)

i . B4a DRUM( INDEX: 47 =V (Z+14)
§5u _ DRUMCINDEX, 5} sV(Z+16) i
864 INCLUDE MAIN4,LIST ' %
B6# FIRST=FIRST+1 . ® LOOP CouN)ER i
86a - GO TO 4 ‘ @ LOOF i
Buﬁ —. i @;|I’IY"'|DO‘C°||1!:lﬂ'lld-.c-m!c-'ce:"gggsq."-."g.f.'...':
B6+ 100 COMTINGE @ FINISHED \
86s FFIKOUNT,LE,L1) GO TO 102 }

- Bba 86 101 J=1,NODES ;
864 101 NRATE(b,lPGD)t°h}NT(loq)-l i, FDUNT) %
864 192 CONThu ]
g6+ END
B7= CalLl DRUMIT(S,DRUM, 13}
88« CaLl FPYPLT(L13,2, *OUTPUTY ,FIKRST NPAGE S
89« - CALL PTPLT(L13:3¢™NL1',FIRST,NPASE
90 CALL PIPLT{LZ:4: *'NL1G ', FIRST,) NP AGE)
o1¢ CALL FTPLT(13:%,'N18'sFIRST: NPAGE]
92s . S870P
93« 2 Li=I¢+ 18
94« GO T0 1
o5 END 1
END OF UNIVAC 1108 FOHTRAN V COMPILATION, 0 #DIAGNOSTICe MESSALALS)




['-%
LIS SYST 1D

>

DT = +15000000E~05,
?ISTQP = .300C00000E-01,
EQ_ELBLE z L O0BCD0DDE+GD,
TIME 000000 30000003
- \599995=03 CR59885-0%
ziu ,gggggo+00‘ dL00000+01 ,100000+01 A100000+51
o -2 00 0 1 38B039-09 -.323383197 ~,134174~03
DUTDUT .gggggg .55288¢-05 «114473-03% -, 229817«4%
| . 1170290-07 501901~ 07 - B45502-(5
;iME .iggggglgg .150000-02 »1B0p00-02 120999052
o 1109000 05 .éggggg+g% ,10000C+01 L100000+61
e 12224358~ - - -,492722~01 212163+
25$PUT 7.%33025-01 $93476~03 -,930142-02 -.132%8&133
_50F8462-04 ~,383416=(3 ~,124927~02 -, 31965002
TIME .239999«02 26%999-02
' 2500990 29999502 .32999 g= g2
xiu .%gggg?*g% .éggggu+01 L100000+01 .100005+ﬂi
' a i= -,693280+00 .185614-04 - ,117060~01
gt$PUT -.22322;:02 -,561403-01 -, 3963444010 :339255-ni
-, ~02 “.180842~0% w,224434~01 - 354839- 31
;iME ,235938702 L389997-02 ,419995-02 .44#993-02
N _.253350»01 «100000+04 ,100000+01 (10GDAU+EL
NL3. -'1471n;:gé .2§g§§;+gg -.81i7281-01 -,4380237+01
- X 199+ - + ,803282-01 - 237635400
QUTF T 524182701 - (73106301 - 197033 0-01 - 123345400
TIME 479995=072 509994 5
i PS4t . - 02 539993-02 54699 2-02
N3 LBOYISINO0 1140218000 - 2009683405 -.7:7eqeri
| Lty i . -, 20 3+ 05 - 7e7640%00
iDbTPUT_ ©,150957+59 =-.176641+58 -, 205178+00 -.22Q4a;+ﬁu
;iME .533931:02 .629990-0g 559985~ 07 LHERPBE B 07
N .4‘n9 g+01 +100000+01 ,100000401 L10CU0C+ 01
NLo - 410243+00 - 339214401 5155656401 = BOuas e+
L .1{1315+Eq -, 311795400 -, 692064400 LAET3RCHE
-, 2506R 3400 -, 208129400 - 25153 E+00 - Ty BRE a4 DU
TiME 71998 7=02 7 4G G5 bGP 779985~ 0 3
v * . 44 3R~ 02 Bdy 98 se iy
i LAU00D0+01 106000+01 '154 - 000t
h )u (] 4 L' E PERA ",O:Aa"'ﬂl |UUUGOU
g}g :'??E§flfﬁi fS3ELBS4+H0] -, Ba7461+00 - 1297724453
13 L 55014 0+00 - 512460400 2024659+ 00 - 30745200
TadYegage

LRy

o i e
e 2REZLIAGE,

-,29B46¢+00

528

__

=a297788+600 .

A RFEGAGE 0



TIME +339%81-02 | 86997902 | 899977-02 2329975=02

N1 SCB0000 00C000 ; 006500 L0006GoD
P H10 ¢ 514542+ 01 % 125558401 -, 238227400 212848+ 01
N3 565368+ 00 4218275+ 00 = 408%858+00 T - 473956400
ouUTPUT - :290640+00 =,285458+00 -.279810+00. ' ~,273B04400
.TINME, +959973-02 v 38967102 101997-01 »104997-~01
- ONi (000u00 y0CC00D .000008 _ L000000
NiD -,11%566+01 ,403838400 +A2TL244U5 -, 084455=01
NL3 «186817+00 Tw 315235400 - ,215B64+00 ,546036-01
;o QUTPUT - 2671114890 ~258999+00 -.2454i0+00 =, 234134+00
TIME T ,i07996-01 .110996-03 .113994=-01 (116996-p1
Nl «0G6000 «800000 S 1111 3 0U0CoY
N13 «420319-01 193243+00 -,926798+00 W217795h+01
NL3 $22974G-01 «144007+00 -.124337+00 468425400
QUTRUT = 215011+ 00 =.190172+00 ~.159145+50 -,122044+00
TIHE - 1199956-01 +122995=03 .125995-01 »12899%-01
N1 .C0C000 «300CG0 . 000000 L00060D
Wi 1 IBEHE 0+ DD -, 47868 5+01 T 639312401 ,963816+00
Ni3 378218+ G0 “,240324+00 (75949 9+ 00 + 297829+ 00
QuTPUY -, 796096-01 - 331894-01 JA54142-01 «641674=-01
TIME «131995-01 «134995-01 +137994-01 C .140994=01
N1 000000 .000000 : 005000 Jpaucen
N1G -,728118+01 2 775551+01 © L A514656+D0 - 67.392+01
N:3 254043+ 00 807 030+00 287792+00 =,201290+00
QUTPUT ".110996+00 +154014+00 191722400 W223073+00
( AME 1143994-01 »146954-01, +149993-01 v152993-01
N1 000000 ,00000¢ L000359 .000000
NiD . .652872+01 ,154423+00 -,545227+01 » 546464+ 01
N13 . 721 485+00 ,168382+00 -, 138980+00 1620840400 -
QUTPUT (247535400 <265061+00 ,276062+00 261308+00
TIHE L155993-01 (158929301 J161993-01 «184597-G1 -
N1 000000 J105000+041 100000+ C L106000+91
N1l 681337~ 04 ~.526013+062 56113701 456223 0m01 "
Ni3 BUE TS 4= 01 - G153 80 H696455+00 L 36784904

QuTPLT $281L24+00 f278752+08 273236400 268302+ 00

CTIME 0 .167992-01 0 . L,170992-01  ,173992-01 -




N1
NiD
N13
S ouUTPUTY

TINKE
NL
N1D
M1E
QUTPUT

TIiME

¢ NL
Nio
N13
cuTPUT

TIME
Ni

N1D
N1J
QUTPUT

TIME
N1
N10
N13 .
OUTPUT

TINE
N1
N1 0
. N1Z
" DUTPUT

TIHE
N

N19
N13
QUTPUT

TIME
N1-
Ni0

\m&l3._J“‘;‘

2 100000+01

=, 544504401

=,460515-014
1 258911+00

179991~01
S L100000+01
152987401
.541921+00
225291400

«1919%1-01
(100006+01

31221701

295381~01
1456914400

+2035990~-01
,100000+01
W 717375+01
226001400
~,259964-02

+235989-01
+10600C+01
622567+01
-, 748305+00
«“,1735383+00

\227988~01
»100000+0D1
1120617401
+248557+00
.256835+00

239987-01

. «00u0ug .
~,11%5214+00

-, 405657+03
=~ 258077+00

+2L1986- 01
.00050¢C
955574400

ORI S AT PR ] e s
w3 BSACE 46T

PR AN

,100005+01
523730401
H035356+00
251353+00
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APPENDIX A |

THEORETICAIL BASIS FOR SYSTID

A.1 THEORETICAL INTRODUCTION

Direct representation of systeras on the digita'l computer by
sample data simulation is a powerful systems analysis technigue. Such
#imulation requires transformation b«; the computer of conrtinuous system
input functions in a manner which characterizes system behavior, The
digital computation/process by which this transformation is accomplished
is kncwn as a Jdigital filter. This {s'an algorithm by which sample values
of a continuous input {uncticon are transformed into sample values of the
continuous output function which would result from operating an the
input with a given continuous transfer characteristic. The ceniral
problem in sample data simulation is obtaining the digital filter
algorithm which effects this transformation in the most accuzate and
efﬂclent manner,

ngxtal filters may be classified into two major categones as

- recursive or non-recursive. Non-recursive digital filter outputs depend
only on present and: previous input samples; recursive fiiter outputs depend
on previous output values as well. The design methods for these two filter
types are distinctly different as are their properties. < - The non-recursive
filter has finile memory and excellent phase response characteristics bub
may reguire a large number of terms to obtain sharp coutoff properties.
The recursive filter has infinite memery but rather ‘poor characteristies,
Recursive filters have fewer terms and lend themselves more efficienily
‘to applications Tequiring sharp cutoll properties. The recursive flter’is
the digitalcounterpart of the linear lamped parameter-continuous filter.
For these reasons, recursive filters are of greater interest in systems
anzlysis by sample data simulation and will be summarized trieily,

CIf it is assumed thak the linear system for which a digital approxi-'.
mation is sought bas a transfer characterisiic of the form -

{A-1)




where s = jw, then the corresponding digital transfer characteristics has
the form :

N-1
) a .z“.‘:
jzo_ !
H¥(Z) N (A-2)
149, b5
=10 3

where z=1 is the umit delay operator. If is assumed that the continuous

. funclion H(s} is known or can be determired by established design prc-
cedures. The digital {filter design problem is thus reduced to determining
the ceelficients aj and bj in H¥(z) such that the continuous filter charac-
teristic H{s) is best approximated for a given number of terms.

One digital filter design technique is based on the standard
z-transform, defined so that the impulse response of the digitzi filter
is identical to the sampled impulse response of the corresponding contin-
uous filter. The standard z-transform of His} is given by

]
©

H(s) = Histimws) (a-3)

-or in terms of the filter nnpulse rerponsc hit)

H#(z) = T Z n(ET)z "} T W
e E-o . :
where “- V )
5 = 4 jw - oo
B{s) =. La‘pl%.ce transfo;rr; bi l}:{t)‘
' w, o = %.E ‘, radian #ﬁmpling frequency

Hi(s) "= 'Bapla;c;;a traﬁsz’orm of sami:led filter ifnpu_lsé :espnnsc
z-1 - t | 7 |

= "%, unit delay operdtor

H"(s)I s -lnz/‘I‘ z transform of h[t}

L
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For s greater than some cr1t1ca1 Erequensy wo» H(s) is assumed to have
the form o

1;!(5)!-3>juc' =. Klsn ; (A-5)

whére n>C and K'is a conitant.

Equatxons A~ 3) .-mﬂ {A-4) are the dlglta,l {ilter transfer functions
~which approximate that of the continuous tllter.

The dzsagre‘x‘"\tl:etween the d1g1tal fllte? charartenstacs pro-. . - -
vided by the standard z -transform and the contintous filter characteristic
in the baseband (-wsf2 < w = w s/ 2)is knownras frequency aliasing
error and results from termcs of the form H{stjmug), m#0. This disagree-
ment is present whenever the continuous filter characteristic'is not
bandlimited to the baseband, Unfortunately this is the case for most
lumped parameter systems, for which H({s) is a rational function of s.
Thus, fer nhysmal systems of interest, the standard z~-transform yields
H3is} # H(s) in the basebaniand almsmg error is present to some degree.

For lugher order continuous fllter transfer functions (n in )
quatmn (5)is large) having a critical frequency «. much less than the
sampxe frequen’cy wg, aliasing error is sufficiently smali that the
standard z-trinsform yields useful results. In many practical situe=
*ticna, um-'ever, neither of these conditions are met.: In these cases,
the standardz-transform results in prohibitive ahaﬂna errors in the
dw -.al filter irequency character:stu..

Freq;ucncy al1e.s1r-fr error may be av01ded if dagltal £11te1-s are
designed by means of an a.rt:.f:.ce known as the bilinear z-transform.
The bilinear z-transform maps the entire complex plare into an

s, planc bounded by the lines s5) '= JwSIZ and 51 = JwSJZ. The b:lmear
z-transfcrm is defmcd by ‘

; T .

S I o :

3= -T—; $a; 11 5 o : _ {A-6)
where s = Jw !2 and T is the sample interval. This bgcdme§ upon
subsntut:on of the unit, dela.y operator z~! = e~5; T

o Zf)- = : -
sz gl - {A-T)

Y




- The Qigital filter transier function, I¥ (z} is determinred by substituting
" the bilinear z- tr neform into the confinuous filter transfer function H({s},

- H¥(z) = H(8)2- , -1. ‘
X | ] =§-T(1 - zﬁl) (A-8)

14z

" One aspect of the digiial filter so obtained is that a non-lincar warping
is imparted to its frequency scale in accord with the transformation

T
L - tan = (A-9)

- This transformation is dspleted in Figure A-1which plots normalized
warped {requency w, vs. normalized unwarped frequency w., Freguency
warping is not a significant constraint on the versatility of the biliner z-
- transform. The warping may be drbitrarily reduced by making the
sample {requency w_ high compared to the critical frequency-w  of the
continuous filtex. Further more, frequency warping may be compensated
for by prewarping the critical freguencies of the continuous filter so that
transior med {requencies will be shifted back to the desired cnes.
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Figure A-2. Nonlinear Wa.rpmg of the Frethnc.y Scale in
the: B:..mear z-trans[ormaucn -



Because it obviates inaccuracies due to aliusing erzror, the b Hinear
z-transform is a most appealing digital filter design technique. it is
applicable to low-pass band-pass, band-stop, and other coritinuous.fil-
ters whose magaitnde characteristics are sssentially constant within -
successive pass and sicp bands. ‘

A.2 APPLICATICNS OF SAMDLED DATA TLGHNIQ JES IN THE

SYSTID PROGRAM : B '

A great diversity of systems are amenable to aanalysis by
sample data simulation, Telemetry links may be meodeled with any .
combination of arnplitude or angle modulation, phase-locked loops
may be simulated either separaicly or as part of 3 more complex
system, transient response of {ilters.to various input waveforms can.
be accur ately deterrnined, or recorded daia maybe processed by dxgual
filtering. . .

- . The emshng extensive SAJ hbrary of sampls Aata s:.mula.hon

proc'ra*ns-’- is designed for maximum flexibility. As an example of -
sample data simulation,consider the following analysis of a radiofre~
quency comniunications link. -

A sarnple deta simulation of an RF link can be unplemente by

a sampled carrier and any of several modulation and demoduiation
schemes, In this case, however, the sample frequency ws; must be
high e'zr,ugh that frequency warping dee to the bilincar z- transform
remains within acceptable limits. Since the carrier frequency is typi-
cally many orders of magnitude hlgher than the baszeband {requency,

a crrresponmnnly higher sample rate is indicated by F:gurﬂ ,Tesulting
in excessive compuier runhme. o ' :

A te\,hmque has been devxsed whe"eb ¥ carrier frequency can

“be ¢iiminated from the system rTepresentation. ~This permits greatly

reduced sample rate and correcpondzngly shorter computer runtime
without degrading the carrier irequency bandpass filter characteristics.

* Consider the following system:

0___ oy Lyt

Flgw:e A P

1 Lo : S . Lo .
The SAMDA T prograw, {Of insgance,

e

AsS




where

z s £
=) = Aedjoct* o 4 o
5 I{
¥} = Agft)e? et + @pt))
n{t) = additive noise
h(t)} = impulse response of the filter

~ The input is a geperal modula‘*ed signal with additive noise. The
output is 2 complex signal represented by an ampiitude and a pkass. -

The actual signal inputs and outputs zre the rezl parts of thosa
given. In accordance with Refarence {1, for amplitudes and phases.
to be determined by the mognitudes and phases of the ~oamnplex signals,
all inputs must be analytic signals. i.e., the imaginary parts must be
tre Hilbert transforrm of the real parts. This condition iz gatisfied on
the signal term iz x{t if the {requency spectrum of A{t}eg‘_ﬂ_tl is
essentially zero at the frequence w,.; however, the noisa tefm =it} -
must alse be an anziyilc signal. -

Assume Reln(t) ], the actual roise term. is Gaussian with a
frequency spectrum which is symmetric about we {This does not imply
tnat the bandpass filter has symmetric respense about w.}. The real-
part of ibe noise term can be written as )

(T = ) - 3 . - 5 -‘
Re [n(J.) ] n, (t\ccvsmct 1'1‘3 (t)smwct, (A-I‘O,
The two quanfities wy (F} and ng (t) will be irdcpendent and-Gaussian, wili

hrpve identical frequency speciza equel to the original spectrum trans-
lated to dec, and will eachk have variance equeal to that of Re{n(t) )o -The
immaginary part of nft) must be the Hilbert transform of this guantity.
As long as the {requency spectrum of 1, {*) o+ na(t) is essentizlly zero
at wer n(t) is given by - ) ' e

Jeo E
nft} = lnl(t) + jnz(t)]e “e .




The system now is represented by the follewing convolution
equation,

Jegtt) 3ot o
A ltle e = f

I _— |
(k| (- 4 e
o N

jwc (t-p)
+ jn, (t-n)je dp  (A-12)

" After rearranging factors and removing the carrier term {rom the
integral, cquation (3) becames

jeylt) o . ' .
Ao(tie. 0 = fo k(p.}[z\(t—p)e'w(tﬂp) + ny {t~p) + jnz(t-p) dp.] (A-13)

where

“3en £
k(t) = h{t)e e

Egquatinn (A-13) impilies that our system can be simutated by the
following ane having the same output and input except that the carrier
irequency has been eliminated

. Jon(t)
ARSI 1 n @) + iy ) Al %0

e
] k(t) —'——b

Figure A-Z,
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In order to simulate the new system if will be convenient to

detcrmine ¥, (s) and K;(s) where these are the Laplace transforms of
kp(t) and ki(t), the real and imaginary parts of kii]. Also, because the
subroutine used to set up the simulation first removes the center fre-

ouency phiase frem H{s), it will be convenient to defire

~ilu b b
k{t) = Litle

where ¥ is a constant phase.

:(A-14)

The two systems will now be the same except for the constant

phase Y.

It may be seen that

. Xl) = hit) cos{u t +4)

ki(t) = -h(t} sin(wct +¢),

{A-15)

Taking Laplace transforms and applying Euler's formulas to the sin '

and cos yiclds:

e +e e

D S S
K. ls) =5 [ b

. jla tHd)  —jlw t+b) _
Ki(s) =—2—;~ﬁ1(t)[e € -e ¢ e St at
- Equation (A-15) becomes
K_s) = 2o Miris + ju )+ Il - 50 )
T 2{® b L

B 1
= Vs & .00% - ‘.J'th]'(“_‘ -3
Iu B s Ju e~ 6 = Juw )ll

, 1
Ki‘S) Y c

@ [ j(wct*“!’] ’ -j(wct'('ll))] -st
i

(A-16)

(A1)



His} is 2 rational {raction in s. If the real or imaginary parts of emIY
H(s + jwc) 2re taken with respect to the coefiicients of 3, not s itself,
equation {A-17} can be rewritien as

Kr(s) = Re[e-j‘izH(s »+j“’c)J

i .
¥ =34 . .
Ki(s) Im[c J‘!’H{fs + JmC} (A-18)

E

or the entire functien . .
Kis) = e PH(s + ju_)

If H(s} represents a bandpass filter, K(s) will have bandpass
regions about the origin and about the frequency -2w,. The response
at -2 w. is not important since the input signals should not have speciral
componentg there. As indicated in the diccuscion of gigital filter designe,
aliasing error is eliminated by the bhilincar z-transform. Thus, '
the sample frequency can be selected in acecordance with the bandwidth
- of the filter, not its certer frequency,

AR e'w(t) has irequency components greater than one-half the
sample frequency, allasing error in the signal will ocgur although the
filter will be represented correctly. Also if Aft) 2d¢{t) has a nonzero
frequency spectrum at W, = 2/T tan wCT/'Z, which corresponds tn the
cenfer {requercy shiited {ay the bilinear z-iransform, a ripple in the
output amplitude and phase 2t frequencies zbout 2w} may occar. This
is because the assumption that A{t)eie{t} ejwet is an analytic wiil not
ke true, Some ripple for instance may be detected i A(t) is a step which
has a frequency response which roiic off slowly at higher frequencies.

A sample data demeodulation can now be mi:lemented quite
.simply, following the bandpass filtex, Denote the outpul of ihe second
system as

2.

e, )
.fzo(i;)53 A = aft) + ib{t), (A-1C3



Then
Ai(t) = 2%+ b2 | . (A-20)

and the output phase is given by

o (t) = tan”! ‘5;—‘(3 | (A-21)

Inan FM system, p olt), the instantaneous frequency, is of interest,
rather than the phase, Whene'srcr A, (t) does not pass througl. zero,
p.o(t} 1s given by

o dq’o i) (t)db 13) -y (t)da (T}
L) = = A-22

Ag(t) by definition is always positive. The sign information which would
normaily be associated with Agft) is implied by the phase. This sncans
that a sigr reversal in £ (t) would be manifested by A,(t) poing to zero
betwesn two successive sample points and the phase undergoing a step
change of 7w radians, This sign reversal can be detected by sensing

" when botb aft) and b{t) change signs from onc sample point to the next.
The siep change in phase can be implemented by causing p,(t) to contain
an impulse function of magnitude £w, wiich in a sample datz system is
simply one point of magnitude £a/T, The sign of the impulse is selec-
ted alternately as plus and minus. This is correct because if A, (t)

had passecd from positive to negative at soine point in timne it must next
pass from negative to positive.

Equation (A-11) suggests that Gaussian noise may be inserted,
less the carrier compornent, at ¢the input to the RF frequency i:lter in
the {ollowing form.

a{t) = n, @)+ jn, (1) | (A-23)

The terms ny(t) and nz{l) were assumed Lo have identieal power spe: ‘tra and

were assarocd o be statistically independerl. They were atgo assmned to have

a pewer spectrum which is cssentially zero at.the carrier {requency wg

LI
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The last assumption “cquir;s that n(t) be bandlimited by «
filter prior to its insertion invo the iink, The possibilily of relaxing
this requirement for certain simuiations avoids the use of an extira
filter. :

Let ny (t) and np {t) be generated as pseude-random numbers,
independent, and with Gaussian statistics by a comput®r random number
subroutine. Lei these numbers be of Zexro mean and standard deviation
. Because they are independent they can be assumed to be samples of
2 noise process whose spectrum is uniformly distributed between
-f./2 to f5/2 so that the two sided power spectral deasity n is given by

2
n=—4— {A-24)

" where f, = sam'ple. frequency. Now assume this =ignzal is passed
l:hrourrh a sample data banclimiting filter so that its power spectrum
in the interval - wg/2 = @ = wg /2 becomes

F 5, () ~—IH (z ){ (A-25)

The spectrum Sj'(w) is now passed through the bandpass Iilter transfer
function H{jw) translated to zero and distorted in Irequeucy response to
produce the output spcc‘.rum

.

.2.

] :
L. f.2 wT\ 2. Wl | . ‘
§{w) = T lH}(J?'r tan Tg_)ﬂ(J?taﬂ"—'z +3] wc)[ ' {A=20)

) Wxthout bandlimiling by Hlbm}, S{w) will have thc same s}‘ape as
{54 2/T tan wT/2 + jo .} 2, iie., it will have the desired bandpass
shape about dc and in zddition will have a more narrow bandﬁass shape

about the frequency -wp &= = 2/T tan-1 weT. The analytic signal
assumption, because of the frequency warping, is eqmvﬁlcnt to setting
S(w)= 0for @ <~y = - 2f/7T ten-! w T/Z so that any noise power

below -woy represents an error in the simulation.

Let N.denole the totzl noiso power above -mgl and N, dencte
biesiov W owill ihen be the nofse pover which b]mu(. :ormaﬂly ba
usad in compnting carrier taneise ratio. Ny, the cxtra noise added by

A ~11



the simulation, will normally 2ffect the cutputs at irequencies which

are not of interest and may later be filtcred out. However, it is imnpor-
tant to realize that N will affect threshold in the system and must be
kept small whenever the simulation is to function near or below threshold.

"‘he. quantities N and N, can be derived by 1ntegrat1rg equa-
" tion {&-26) over the proper regicas (o obtzin

2%
N = 7 i
N = ¢2_f‘£z.e.  (A-2D)
e . . .
. =3
where
1 r‘%IZ 2 wT Z 2
_t.-b s o= IHI(JTtan-—Z—)H(JT- tan +iw )l des (A-28;
‘ w T
Ztan! =
. 2
-1 wcT )
. Ttan = p ‘ N *. o " 2-
' _ 1 . 2 wT .2 Wl .
ﬁbe = 5 ‘ lHl “JTtan-z—)H()-.f tanT T ch)‘ dw {A-23)
- wafz o )

Equations (A-28) and (A-2%) can be modLﬁcd by a change in vana.bles ta
the following. equa.twns. .

{A-320)

Z

£ [fl (JuJ‘.;m §H(J )‘l (fu-w}c.‘rT}

ALz



; ' 1 o S 2 ha
Iba = '2—1‘;"] lHl‘ju - jmc) H{w) l ((U - )T) {A31)
o 1+ -3

From Equation (A-30} it can be secn that il Hj(jw) = 1 over a
range equal tc the passband of H(jw) and if w - we wg/2, f is the
equivalent noise bandwidth of the modulation link filter. An estimate of
the ratio of Ne to N can be obtained by assuming H()w) is narrowband,
This estimate is given below.

: 2
Ne - iHl {2 uc)- 1
N ~ j 2
! Hl(‘m) we
' 1+ (217-——)
Ye
if the system requires that the ratic of N_/N be small this may
be zchieved if the carrier fregquency is muck highe,r than the sample fre-

quengy, or it can bhe assured by bandlimiting the nolse by a Lo-.ru.,s

 filter H1 Guw)e

(A-32)

+



APPENDIX B
SYSTID MODEL ﬁESCRIPTIGNS AND THEORY
B.1l.0 MODEL DESCRIPTION
There are three basic types of models used in the EYSTID system;

" (a) Mononode devices,

.

o UTeur Example': neise generaior

Figure B-1. Mononode Device

(b} PBinnode devicgs, and

i P . S aUTPY" Example: limiter

Figure B—Z. Binqde Device |

N

() Multincede devices

NPV —— ¥ UTCYTT Example: multiplier

{3 nodes)
RN

Jagure 3-3. Multinode Dévice




Devices of type {a) will be referred to as SYSTID library funciions.
They cennot be directly construciéd in this form in the SYSTID language.
Mest models will be of type (b}, The¥ are the siinplest to construct and-use
and result in the most efficient s:mulauon progran:, Many models of type {(c)
can be constructed as models of type (b) by an appropriate choice of the model
boundaries. For exarple incorporzating “wo models of type (¢} having 2 com-
" maon tap inte a single model of type {b).is such a construction. .

The dilference between a model and a2 system is aot particularly sig-
nificant {rom ke user's peint of view. A systemn is the mimimum configura-
tion necessziy to Tun a meaningiul simulation on the computer. The user
will find it easy to construct 2 model of a link 'such as the link from A.ta-B
simulate it and later incorporate the A-to-B link into an A-to-C link without
altering the A-to-B model. The distinction between a model and 2 system
is amatter of fixing all system parameters and input and output specifications.
The philosophy of the program is that IO statzments should not be embedded
into a model, as they will require alteration of the model as it is usecd in
various systems for which different input and output is desired.

In the SYSTID system the followirg cenvention is used: The signal,
as a function of time, progresses from the left to the right, left node to
right node. The left node will always b= an input node 2nd the right nede
will always be an output node. Taps, dzpending upon context will be either
.np ¥ ousputs. :

Models of type (¢} are not easily handled on a digital computer since
the machine effectively executes only one instruction at a time. The input
and output nodes are handled automatically by the processor. ‘The osutput of
device is passed to the devices down-link through their common node. Taps,
on the other hand require more information to be properly connected, however.
"A detailed discussion of the use of taps will be deferred to a later section. It
should be clear that the distinclion between a tap and the input and cutput nodes
is a. funchional requirement of the QYSTID processor and not 2 property of the -
device bemg modeled.
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B.2.0 MODEL NODE DEFINITIONS

The topology of 2 model is defined by its nodes, Every user-constructed
model must have an input node and an output node. The signal enters the model
at the input ncde and progresses through the model along the paths defined by
the nodes and the devices connecting nodes. At least one such path must reach
the ovtput node ang a1l paths must terminate at the output node or ata tap. At
each node the signal enters the input ncde of all devices common to the node.
The signal may also leave a device through a tap or enter a device through a
fap, but the connection node to tap-is never explicit. A node is a collection
point for the signal. The value of the signal at a node is the instantaneous sum
of the output of all devices immediately up-link of the node; this value is passed
to the input nodes of all devices immediately down-link of the node. Consider
Figure B-4, if the devica DO NOTHING is a short circuit, ouiput equals imput,
the value of the signal at node 2 is twice the value of the signal at nods 1. Nor-
mally, the summing effect aof 2 node will not lead to difficulties, howsaver, the
- uwser should be aware of its effect or his model, particularly if he is using

identical parallel branches., : T

a
-

Do HloTHhidG

ER —+  output = fwice

inpuc
: input

Do NOTHIMG

Figure B-4. Pa.r_ai.llel‘ Devices



-B.3,0 LISTING OF INTERNAL VARIABLES AND SYSTID LIBRARY
MODELS ’

B.3.1 ‘SIGNAL GENERATORS

The set of interpal generators comprises all functions provided by
FORTRAN and those written into the SYSTID Library. These elements are
functions and may be utilized in expressions. NOTE that ail output peak
levels are unity, untess otherwise noted. . '

'B.3.1.1 Transcendental Fanctions

SIN (x) SINE (y)
'COS %) x in radians COSINE (y) ¥ in degrees
TAN (%) ) TANGNT (y)

B.3.1.2 Sqguare Wave

SQO(r) wheze p = Irequency or rate’

‘B,3.1.3 Pulse Generator

PULSE (RATE, TD, TR, TF . TF)

"‘.Y(i TL . i‘r].':

1/ \ |

Figure B.5,




B.3.1.4 Arbltra_r\r Tunction or Non-Lincarity

TABLE (XIN, Xl Y1, X2, Y2, X3, Y_,, X4, Y4,X5f, Y5)

This function provides a piece- w:se Lnear function for modeling both
driving functions and non-linearities.

where
XIN - independént variable
Xi, Y2 " _
. five po ;nt pairs descnbmg the function
Xs, ¥5 J
B.3 " Teriodic Function Generator o L
PTABLE (T1, Y1, T2, ¥2, T3, Y3, T4, Y4, T5, Y5}

This meodel provides the perwdlc function capability. The outpnt is,
periodic with period T5. : L

\B.3.1.6 Gaussian Noise Generator

This function provides noise modeling capability . and has two uses:

One by providing ithe spectral density desu'ed the other provzdmg the. SNR
and ENB of the gencrator. :

-GNPISE (SNR, ENB, ISTART}

GN@ISZ (ETA, ISTART)

where

SNR is the signal-tc-noise ratio desired in ENB {eqmva.le.nt
.necise bandwidth} as*um'ng a unity swnal level

ISTART is a Poﬂtwc integer {>0) for 1n=t1a11zzng the r
rardom number generater

ETA is the desired spectral density



White Gaussian:

i

W,\m/ii; \\\\ \\ :
| O\\ OO \

FrEavon ey -f-s

Fipure B-6.

" where

S B W
s 7 DI 7 sampling rate
2 M | M
%y T TZT ® IDT
or
2
Y]i = ZoiDT]
NO = on END . ZU'ZDT 2 LNB

where END = cquivalent noize bandwidth under consideration,

For a given SNR ip bandwidtl, BWV:

- I'OS,’-\ R/I14

N
o
where

S e osignal moaver in BW

G

{B-1}



or

T -
v, = fs //1051““0 % 2DT # ENB

-7

(B-2)



B.3.3 MODULATORS

This seclion provides the definition of the modulators available to
the SYSTID user. As described in seciicn 2, 0 of the niain text, the capability
for efficicently simuleting RTF communicalions systenis relics on the ability Lo
model such systems at baschband. This is accomplished by translating the
RF frequency componenis to the bascband region with 2 parameier rormally
set to the highest carrier {reguency.

It is the responsibility of the user to consistently define this transla-
tion to ail RF compouants. To illustrate, the following example is posed:

EASE BANMD E— ————————— R-LF.: __________ E
o = SCo A 1 ——— 1
| | CARRIER CAmpre_ caraer |}
7 ey PRE T i & -
1 { oo, Flores, e t
omp v»{%co 2 t— | |
’ 1
: | e = 26H= :
pxli=g A N
ocoz /—_._—-—-‘
NI EASERAMND

Figure B.7,

The RYF componenis can be simulated in S¥YSTID Ly translating them
(avtomatically) by { {2CIiz}, thereby allowing the simulation to be performed
in the kH» region., The translation, however, must be consistent and there-
{forc requires two modulator model!s {or cach {ype of modulation: bascband
and RT. The RF modulators are prefixed with an "R,

The interface when {ranscending the baseband {o RF domain is a
modcl aamed SPLIT, which simply convert the signal into its recal and
imagirary componcnts {or vse internally.



B.3.2.1 Amplitede Modulator - (Alv'i-MOD and RAMMOD)

(a)

(b)

(@)

Funclional Nescrintion - The linear Amplitude Modulator
JAMMOD) model provides rlassical modulation capability to
the SYS3TID user. This model is written in the SYSTID
language. The two {orms of the modulator are functionally
identicz); the difference lics in their usc (section B. 3, 2).

Parameters - Two parameters are requircd:

.BETA = Modulation Index (ratio)

FC = Carrier Frequency

Detailed Deseription - The AM modulation process is
described as follows: ‘

e (t) = (1.0 + BETA + INPUT (1)}-cos (2w FC Time}

where INPUT (t) » modulating time function {the model
input)

NOTE: [IBETA = INPUT (t})] =1 for no over-
modulation. For RAMMOD, FC =0
in the above and the output consists of
the complex baseband signal.

-

Block Diagram

AMMOD

. Nl ’
MeuT ) ] 1.0 4,3.51-,‘,-,$ MULTIPLY e OV TPUT

cen T eax TrJ e TIMES
BEYA (z )

Figare BD-8.

RAMNMOD

P e ;({)- - 1,.’_)4~'.;‘;E":r.-$li-—----——.r—-i SPLvT ——p— (G UTE AT
t ]

e I S |




{e)

(f)

Listiag

. AMMOD

MODEL= AMMOG.BETA.FC
INPUTKL, 0+ 8= BETAPNL
Ni<B+COSINE(FC#T IHNE)SOUTPUT
END

 RAMMOD

MODEL=RAMMOR 'BET A, FC
' INPUTCL, 0+ T2BETANNG
NL<SSPLITX>OLUTPUT
END -

Application — An example of nsing the modzl] in a system is as
yollows: )

: N1 N2
SIN WAVE AMPLITUDE

GENERATOR MODULATOR |

]

INPUT < SINE {1.90) » N1
N1 < AMMOD (1.0, 100 E3} » N2

Figure B-10.

B.3.2.2 Lincar Frequency Modulator { FMMOD and REMMOD)

£

(b)

{a} Function Deseription - The linear Frequency Modulator Model

provides a classical mecdel for this type of angle modulation.
This moadel is written'in {he SYSTID language. The carrier out-
put magnitude is defired 2s upnity., The two {orms of the modu-
Jator are functionally identical; the difference lies in their use
{section B. 3, 2).

Parameters
DF = {réquency deviation of the carrier per uuit input

FC = carrier frequency



F

(¢) Detailed Descyintion — The M process is described as {ollows:

wo(é) = 20¥C + 2w*DF * INPUT (t)

£, {t) = COS 2uFC ¢t + 2r*DF [ INPUT (i} dt)

NOTE: For KFMMOD,
FC = O in the above 2nd the
output consists of the com-

(d) Block Diagram

plex baseband signal.

lOUTPUT

=1 COS(e) ™=

MODEL, FMMOD,DF,FC
INFUTCINTGRTONL

END

REMMOD

FODEL=RFH

MODDF, FC

INPUTCINTERT 2N
NL<E=DF> N2
N2<SPLITOQUTPRUT

END

FMMOD
ANPUT MULTI
— f. — A > ADDER
M -
OF TS TIVE
' ;
NPT UT N1 ' 2
—t . L__.I MULTI- _T_._ SPLIT
J T .1 PLIER s
N’\“—'\
DF
Figure B-12.
(e) Listing
FMMOD

Ni<COSINE(DF«3+F CaTIMEI>QUTPUT

CUTFPUT



{e) Listing
PMMOD

MODEL=PMMOD, BETA,FC _
' INPUTSCOS( 2, 0P e FL+5«BETAY DOUTPUT
END

RPMMOD

FODEL-RPMMOD .BET A, FC
INPPTCEeBETAIND
NLSSPLITO>OUTRUT
END
(f) Applicaticn - These twe iinsar PM modulators ara used as block
elements in two distinct cases. PMMOD Being used when no
carrier translatiou is desired; RPMMOD when carrier transla-
fion is required. Sectlion 2.0 describes in detail the distinction

in the use of RF seciion simulation. An example for referencing
the mecdel is as foilows:

NX < PMMOD (1.0, 10. E3) > NY



1

Application — These two linear M modulators are used as block
alements in {wo distinct cases. FMMOD is used when no car-
rier translation is desired; RFMMGD when carrier franslation is
required, Secticn 2.0 describes in detzil the distinction in the
use of RT seation simulation. An example for referencing the
model is as follows:

- NX <« FMMOD (1.0, 10, E3) > NY

B,3,2.3 Linear Phase Modulator {PMMOD 2rnd RPMMOD)

(2)

(b)

(c)

{d}

Functional Description - The linear phase inodulator provides a
classical mode! for this type of angle modulation., The model is
written in the SYSTID language. The carrier oulput magnitude
is defined as unity. The two forms of the modulator are func-
tionally identical, the difference being in their use (section 3. ().

Parameters

BETA

u

Phase {Radians) deviation per unit inpui

FC Carrier frequency

1}

Detailed Description - The PM proc-ess is described as follows:

e (t) = Cos (2 *FC * t + BETA * INPUT (1))

NOTE: Modulation Index - BETA * Input,,,. For
RPMMQOD, FC=0 in the above and the output con-
sists of the complex baseband signal-

Block Diagram

PMMOD

INPUT

—d

OUTPUT
BLTAPLY  ——1 aPD = Cos T

‘

PR S A
- =

(' .
BT A ZFC % TIth=E

Fignre B-13.

RIPMMOD

— QUTPUT

R e

o

.- . — .
INPPUT J
A LT By P 3 TE LT

[ S
BT tA
Figure D-14.

—

B-13



B.3.2.4 Delta Modulation (DELMOD]

(2)

(v)

(c)

(d}  Block Diagram

Functional Descriplion - Delta modulation is 2 coded modulation
system nearly as efficient as PCM, requires more bandwidth

-than PCM, but has much simpler circuitry. These advantages

make delts modulation quite attractive as a standard mocdel. The
delta modulater model is written in the SYSTID language. The
output wavefarm magnitude is defined as £1.

Paramelers

"PW = Pulse width (urit time}
PPS = Puise repetition rate (pulses,"u'nit time)

Detailed Description - in a'delta moduiation system, only the
changes in signal amplitude from sample to sample are output,
The process consists of utilizing 2 pulse generator, pulse modu-
lator, an integrator, and a difference circuit.

let e(fl = ulput(t) - Qutput( & at |
where output(t) = Sign (em ) % 5 (t) -
where 5 (t) is a finite pulse of width PW

The above process is clocked at a repetition rate of PPS

. PuULsEs
G'*!’-'_INE'?—’\'TOR

!

INPUT + N1 - N2 OuUTPUT
S1E MuLtip : ome—
] | ceneraror R —
INTESRATOR
N3

Figure B-i5,



(e} Listing

DELMOD

FODEL=DELMOD.PH: PPS

INPUT<S=TAPIONT

NL<E/ABS (S )22

N2 < SePULSE(PPS,0,,DT,PH,DTY > QUTPUT
END QUTPUTKINTGRT>N3 'TAP i

(f} Application - The delta modulator is normally used in pulse
coding an auvdio signal for subsequent transmission via a modu-
lated carrier. As such, this model will he mainly used in
generating a baseband signal.



B.3.2.5 Multi-Level Coding — M_ary Cedes (MI1.TFCM)

{2)

(b)

{c)

Funclional Description - This code medulater produces an
m-level signal based upon a serial input bit stream (polar or
binary}. A serial-to-parallel conversion is made and a gray
code level selection is vsed in gensrating an cuipit bit stream
atz rate of M * BT. OQutput levels are normalized to a peak
value of unity (+1), represented by equal ieveis separated by
I/M. The minimum level (0) corresponds to the null symbol.

The multi-levic! coder may be used to drive the FM and PM
modulators to produce m-ary PM carrier signals. Attention
should be made to appropriate scaling of the MLTPCM output
to produce the correct modulating signal magnitudes.

Parameters
BT = Bit Time
M ,= Number of levels (symbols)

Detailed Descrivntion - The serial bit stream is loaded into an N-
bit register. At time M*BT, the register is sampled and the
output waveform value (0 to +1} is determinzd {rom the reiflecied
{gray) code in the register. The outpuil is held at this level for
M=BT, at which time the register is sampled for thz next bit.
The [ollowing diagram depicts the time scquence for an arhitrary
input bit stream. The parameters for this &xample are:

M 16 (4 Bits)

1

BT =1}

516



Time

INPUT WAVEFORM

-

A PR 3
TIME —s—

1 ¢ 011 01 11

BIT STREAM

(d} Block Diagram - Functionally, the model is represented

as follows:

SERIAL:
DATA

1o (14

01 0 ..

ORI WNmAUN—D

Figure B-156.

Register History

Contents
1234

r

N-S1T RCGISTER

h

Y

¥

TG re TDEConrli

X

SKkMPLE B

oL

' 1f OUTPUT

Figure B-17.

cCO0OO0

14715
14/15
14/15
14/16
13715
13715
13/15
13/15
12715
12715
12/15

_14/15

14715
14/15
14415
14/15
2/15°



&

{e} Listing_ - The »wodel is written in FORTRAN IV .

"] FOR MLTPCM. MLTFCM
SUSROUTINE MLTPCM(BT.H)
INCLUDE HEDFOR,LIST
XWeyi{zZ+1)

INVAL=0

IF(VUIRY),BT,0.} INVAL=L
CN=ALOGIO(FLOAT(M))/, 30102

1B=T/8T+,014DT

1B=MODCIB, )

IF(V(Z22+2) ), ,100

C #ac¢ PURGE THE REGISTER
k\“V(Z743)“rLOAT(£*¢EN"1!)
P2 40 I=2,N
[Z2=22+1+2
VOIZ )2 &HOD (VI 2=1)+y {12),2,)

L0 BV=RV+VY(IZYeFLOAT( e a{ N1
V(ZZ+2)=1.
€ sas LLOCK IN TH
100 CONTINUE
. Y{ZZ+Z+1B)=]NVAL
V{ZZ+L )= Yy
V(OUTY IS XY /FLOAT {1=~1}
1Bi=(T4DT) /BT +, 01D T
1B1=MONCIBL, N)
IF(1BL.EQ. 0, AND. IB,NE, D) V(ZZ* 2)—0.
727 7+N+2
RE TURN
END

R L 1Y
-h -

it
“V
[0s3

{(f}) Application - The m-~ary codex is referenced in the fullowing
way.

Nl < MLTPCM {BT, M) > N2

The signal at the inpu L‘ﬂ.efle cog,, Nl) is assumed to be 2
am

polar or binary bit st
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{e} ;,i:st'mg — The model is written in FORTRAN IV,

%] FOR ATOD, ATOD
SUBROUTINE ATOD(NBIT/PEAK,BT)
INCLUDE KEDTOR,LIST
XVAL =V (INV? '
18=T/BT+,014DT
18=M0D (14, NB 1T}

XT=PEAK/ 2,
, 1F(18)5,5,

-C w#s FIND THE CURRENT THRESHOLD LEVEL
PO 10 1=%;1B
Y2V(ZZ+1)

10 XT=XT+Y2PEAKSFLOAT (248 (1+1))

C sex SET BIT [B '

" 5 CONTINUE
12:22+18+1
¥(1Z1=-1,

IF (XYAL-XT1200 s
VilzZ)=1,

100 VIOUTV)ITAKAXCIV(1Z),0,)
Z2=ZZ+NBIT ‘
RETURN
END

(f} Application — The A/D converter is referenced in the following
way:

Ni < ATOD(NBIT, PEAK, BT} > N2

The input signal at N1 is assymed analog; the output at N2 is
" a binary bit stream of level 0 ox ],

B2



B.3,3 DEMODULATORS AND DECCDERS

This seciion provides the definition of the demodulalors available to
the SYSTID user. As described in section 2. 0 of the main text, the capa-
bility for efficiently simulating 2an RF cemmunications system relies on this
ability to miodel such systems at baseband. This is accomplishe? by trans-
iation of RF¥ components to the baseband region. Demodulaiors for dciection
of R modulating signals are prefixed by an "R'" in the following descriptions.



B,3.3.1 Amnplitude Demodulater (AMDEMOD and RAMDEMOD?

(2

(b)

(c)

()

Functional Degcrintion - This lineas Amplitude Demodulator

model provides a rudimentary model for use in the SYSTID
Library. The basic model is a full wave rectifier followed by

“a user selected filter function cheosen for the particular applica-

tion. This filter is externai to this model. The full wave recti-
fier is simply an abselute vaiue function or envelope detector
for R¥ with its peak cutput vaivua deterniined by the modulator
used in generation of the signal.

Parameters - No parameters are raguired.
Detailed Descrintion - The AM demedulation process is simgl

an absplute value funciion for the baseband AM detector. In
the case of an RF AM detactor, the outputis the envelara of the

carrier,:

Block Diagram

AMUGEMOD
INPUT OouUTPRUY
—d  ams (4) p—>

Figure B-18.

RAMDEMOD

INPUT i . 1CUTPUT

——— F PEMED e Sory () >
]

Figure B-19.



(e} Listing

AMDEMCD

MODEL= AMDEHOD '
INPUTCABS{S) >0UTRUT
END

. RAMDEMOD

MDLELS RA o im D
INPYT<IDEMOD PN
8i < VOVECIN)> QUTPUT

END

NOTE: The ZDEMOD function is a cononic SYSTID model,

i for use in the R¥ domain to derive the envelope
squared and imslentancous frequency versus thine
funciions.

(f) Apopplication - The AM Detector model is for use with an
averaging filter to eliminete the carrier,



B.3.3.2 Freguency Demedulator (FMDEMOD 21d REMDEMOD}

fa) Fupctional Description - The linear, idealized FM Demodulator
provides a eclassical to simulate such a function, The models are
written in the SYSTID languape. The basic model is a limiter,
a differentiator, and an envelope detector, which is fcllowed by
a filter function chosen for the par tlcula.r application. This
filter is external to this model.

(bl Parameters

o
<.
1

Qutput magnitude per unit frequency deviation {e. g.
volts Hz)

FC = Carrier irequency

(¢} Detailed description

FMDEMOD

,-?-k cos (z2) > @
)

Limitér function - y(z) = -k cos (z) <

(B-3)
Limiter output Fourier series
4k 1 , L -
y(z) = k=3 {cos(z) -3 cos (3z) + Tcos (5z) - .. J o (B-4)
with z = wct-.;— $(t) and eliminating the DC term

B 4
EL ) =P cos (w L+¢(f.)-—-coqﬁwct-i-d){t)){...] (B-5)

the derivative.

- dE ;
73 S 3% VY ol . ’
EL(L, AT = - [Wcr'*",b\v),i Sln(WCtT¢ct} }
. 4 .
. w_-,-T--(v;/(:A-Q(t)) sin3(w t+cb(f;} (B-6)
ther-efore:

4k : e
E; {t)= —lw_+¢(t)) [-sin{w_t + o)

1sindlw _trdlh ... ] 1707y



The envelcpe of each term is proportional to wg 4+ ¢ () and can
be detected with full wave rectifier foliowed by a low pass
filter, This low pass filter is cxternal to the model. The
transfer constant DV is applied internal to the rectifizr output
X (t) as:

o)

*

2

b4

-t

(B-8)

|
I

r w ]
i+ - E (%% — - 2% b
E &) = [E_(f) © g - 2uFC]|

W
=

REFMDIEMOD

The RF FM Demod model is couplad directly to the
simulation ol the translated RF section of a medel as
described in Appendix A. Since the cutput of zny model
contains tath real and imaginary parts for the trans-
ilated RT" section case, i.e.,

1

y&) = v, () + jryt)

. -1
2 2, tan” *y {t)/y_(£) ,
Jyo) yie of BRI E g )

y{U _ A(t)ejd;(t)

1

o
=
ot
=T
1

tan” Iy &)/, @] (B-10)

In order to avoid the arec tangent function and hecause
the instantaneous {requency is of interest in I'M, the
timae derivative is computed;

oy i (' R

t - v.(t

détr) _ Irt Yyt Tae .

nott) = fHE - I z, (2-11)
vy k)

The sign I ormation normally associated with At} is
carried in the phase and is detected by sensing when
both y.{t) and v;{t) change sign from one sample {o the
acxt, This step change ir phase is implemented by &7
causing 7 o(t) to contain an impulse of magnitude

(which is #/DT in the sample data simulation), The.
impulse is selected alternately 25 plus and minus since
for Aft) to have passcd {rom pusitive to negative, it
must have paszed from negative o positive, The above
compututions are performed in the ltoidrd Tanction.
20O, which is wrnitten in TORTRAN, -



B.3.3.3 Phese Demodulator (PMDEMM and RFFDEM)

{a} Functionai Descripticn - The phase demod:lator model

‘precented here is simply the integral of an FM demodulator out-
pul, in the case of the Bassband Demod (PMDEMM). The RTF
Phase Demod (RFPOEM) represents an ideal wide band phase
duemodulator.: :

{b) Parameters
FC - Center Fregueacy

DV - Qutpul Magnitude per Unit Phase Deviation (Velts/
Radians)

(¢} Deteiled Description

PMDEMM

The phase demodulater outfpuf: is given by
DV % fSIMDEMOD(t) dt where FMDEMOD(t) is the
output of an FMDEMOD with a sensitivity of 1v/radian.

. RFPDEM
The R¥ phase demodulator su—npxy m*e;': ates the cutput
of RFMDEMOD (Section 3.3.2), i.c. J RFM DEMOD{&}

with transfeor coefficient DV,

{@) Block Diagram

PMDEMM

INPUT ! QUTRUT
QU2

PMDEMM(I.‘DJFE}—-—*:»{ PV b INTESRATY

~ Figurce B-22.
RFFDEM
INPUT[ - L' - TTTOUTPUT
e L e ST "‘Z VTOSRATE T

- Figure B-23.



(d) Block ‘Diagram

FMDEMOD

INPUT . o 08

. ,./ABS(;) —_—
ot

i
res(e) —‘—"‘j NI (s’\ 2TEC

RIMDEMOD

INPIT

Figure B-20.

OUTPUT

> Z DEMED

(e) Listing

FMDEMOD

27W pv T

-

Figure B-21.

MODEL=FMDEMOD, KV,FC
TINPUTS S/ ABS( S 2N1
Ni<DIF >N2

N2<D Vs (ABS 1$)/3, 0-FCIPOUTPUT

END

REMDEMOD

MDD::L- RFMDEMCD 'KV, FC
INPUTSZDEMONDNL

N1
T END

(£} Apnlication — The M demodulaicr

external {iltering.

< V(VCINI#DVe2,05P] 2 E]UTF’UT

s are to be used with



{e} l.isting

PMDEMM

MODE!. = PHMDEMCD,DV.FC
INPUT « FMDEMOD(L,0,FC) > ni
Ni < DV=% > N2
N2 < INTGRT > ouTPuT

END g

REFPDEM

MODEL = RPWDEMOD,DV, FC
INPUT < RFHEEMOD (DV:FC) > N4
ML < INTGRT > N2

END

{f) Application — The phase demodulutors are to be used with
exteyrnal {iltering.

[ws]
~
w



<3 Moiched Filler h-/”"'f LTRY

{a) Functional Descripiion - The matched filter model i3 2 simple

integratc and aump routine clockea iv the Bit Time.

{b} - Parameizrs
BT - Bii Time
{c) Detailed Description - The integrate-Dump process is

asyncironuus and starts at tinae equal to zero, requiring the
user's discrefion in its use. The madel is written in FORTRAN.

(a) Block Diagram.

INEFUT ‘ i oUTPUT
: e~ INTES mTE_ —_—
| ! L
—_— ™ o
0.0‘;

¥Figure B-24.

,r

a) Listing - Following is a lisiing ¢f the FORTRAN routine name
——i
MEILTR.

*1 FOR MFILTR,MFILTR
SUBROUTINE MFILTR(BY}
INCLUDE HEDFOR,LIST
INTEGER Z

2=72

V(Z+2)=Y (Z+1)

ViZ+1r =V Ly IND
V{Z+3r=sy(vOuT)
U(VOUT? VIYOUT 3+ DT 28 (VY ( Z+1> YZ+2y 3

IF INT\(T-DT)/PI)'lNT\T/ST))??gualuJ

po 19 I=4,3

ViZ+1y=0,.

Z2=77+3

RETURN

WRITE(G, 7060

’-'f'QMA*MH:L;' ERRUR IN MATZHED FILTER MODEL '
ST QP

END

"

’
[y
Lol

<) D
<}
<) N2 [ e}

1

(f) Avpplication — The matched filtler model must he usad with cantion
singe it ig asyvohronous, : .



3.3.3.4 Xrequency Demodulator with Feedback {(TMITRY

(a} TFunctional Description - The Frequency Demodulator with
. Feedback Model (FMIFB) provides an alternate demodulation
_process capability. he basic model, written in the SYSTID
" language, consists of a multiplier, IF filter, FM discriminator
(FMDEMOD) and a Voltage Controlled Oscillator (FMMOD;. The
The RE filter and post detection low pzss filter are external to
the modzl,

{(b) Parameters
"NIF - IF Filter Order (=10}

NTYPE - Type of Filter Function:

i for Bulterworth

2 for Chebyshev

3 for Bessel

4 for Butierworth-Thorasen

b

= 5 for Elliptic
AR - Ampliivde Ripple {dB:}
- EM - M-Factor for Butlerworth-Thomson
Stop Band Ratio for Elliptic (if positive)

Modular Angle (Degrees) for Elliptic
{if riegative)

BLF - IF Filter Bandwidih
‘ CAIN - Detector Cain + VZO Amp Gain
¥IF - IF Frequéncy
) PC - Carrier I'rzguency-
DV - FM Discriminator Constanl (Voltsfi'f.z)
Dr © = VCO Deviation {e.g., Hz,’*\)oits) o



{c} Deteiled Description

e, (t)

; et} [Tim ] eglt) e e (t)
W——-—*ﬁ DI RIMINATER, e
iezm
‘ vea g’
i
A |
; . { POST-DETECTION
i ; FILTERING
|
, Figure B»-ZS.
Let )
ei(t) = A{t) zos A(mat +<!>i{t) ) {B-12)
and
e,(t) = -B sin (wcht 3 8(t)) : (B-13)
where
(8 = p}'sm
6(t) = B'[ e, (1
and -
~ Gem ABBE e
e4(t) = =5 j sinfw;ct+ ¢ (8 -6(0]
—-sin [lopp + wglt + (5 + 8l) ] {B-14)

assuming the IT filter passes only the first term

ei(s) = A(Z,’B sin foppb + 4,00 - 6(8))  (B-15)




the output of the FM discriminator is ideaﬂy'

e, W8 = [:5 (8) ~ 2(t}] DV = DV [33() - Bre lt)]
(B-186)
) = -pv-P g
d) Block Diagram
NPUT OUTPUT
Ni I FILTE R Nz FMBEMSD N
N3 TAP) |
FMMO D
Figure B-20. '
{e} . Listing
| FMFB

RODEL = FMFB:NIF: NTTrcraquraBinFIFqGAfN;FCgDV:DF

‘ NEUT < SeTAPL » N1 _
! N1 € FILTER(NIF (NTYPE,3,FIF 610,/ GAIN,AREM) > N2
N2 ¢ FMDEMOD (DY, FIF) > OUTPUT
OUTAUT < rMMODKDF,FC-FIF) ¥ N3 TTAPL

(f) Applitation— The FMFE demcdulator utilizes a tracking principle
to acnieve goad SNR performance.



B.2.4 TILTERS

The modeling of filters, or continuous functiors relies on several
computer routings previously develonped by SAI which perform the various
functions described in Appendices A and &, For ease in thelr use, an intor-
face routine is written called FILTER, with several entry points a5 is

explained below.

When atilizing any Filter model in a simmlation of an RF lirk, frans-
lation of the {ilter to the basecband region is mecessary for 2f{ficient simula-
tion. The translation parameters are rvaflecled in the reference to fa. Filter

medel,

(2) Variable Definitions

NF

iFr

AR
EM

FX

W

AP

tl

Filter order

Filker function

1 for Butterworth

.2 for Chébyshev

3 for Beesel
4 for Butterworth-Thomson
5 for Elliptic

Filter Geometry

"1 for Low Pass

2 for High Pass !_

3 for Band Pass

4 for B.a.nd Stop
Amplitude Rippie (48) -

M-factor for Putterworth-Thomson or stop-band

ratic or modular angle for Elliptic functions

Arithmetic cexter frequency
Baudwidih

Translation freguency {i.e. translatc such
that FC becomes zers)

Vollage gain at FX

TR



; .

{b) Dectailed Description - The detziled descripticn for generating
the various filter functiens in the 5 domazin is described in
Appendix A,  Once the furciion of s is knuwn, the bilinear =z
fransform is derived. In order to reduce round-off errors, the
function is represented by second degree seclions, or guadrabic
factors. The bilenear z-transform converts a factor cf ste a
facior of the same degree in z, that is:

- 2 1 -2 ’ -1 .
Cis} i 258 ..als + 24 Fzz + F}zr t Fo _ O(2) B-17)
I(s} 2 \ - -1 T Uz -
; 'txzs + bzs + 0, 1T,z + Dlz + Do

NOTE: DQ is normalized fo entry

-1
2z ° is a unit delay

The difference equation fcr one of the quadratic factors will
then be:

Ot = le{t‘- ZDT) + F, I{t-DT) + Fo I(t)

= B,0(t-2 DT) - B,0(t - DT)

where DT is the sampling time.

I£ thxe filter is not being translated, the quadratic factors are
cascaded. However, when translating the filter (described in

2 ppendix A), both real and imaginary coefficients of s result
and the function is represented by parallel quadratic factors.
The representation of the function as a surn of terms rather than
a product eliminates the necessity of computing the roots of a
polynominal in determining Kr(s) and K (s}, {see appendix A},

When using a translated filter, thie run Hme can be reduced sig-
nificantly in trade for exact representation of the filter. Reduc-
tion of zpproximately one-fourth is realized by using an equivaisnt
low pass function; or one:half by assuming symmetry of the filter
{i.e. Ki(s) = 0}. This is accomplished when referenciag cre of

the functions as deseribed balow,

{c) Uscage - The general reference is:

FILTER (NP, IF, IC, FX, BW, ¥FC, AMP, AR, EM)

All variables must be included whether they are applicable or
not. The above reference is translated verbatum into a
FORTRAM call statement,

B-34



Frnte

Alternate rofererces to filters are a2 follows;
BUTTERWORTH (NP, 1G, FX, BW, FC, AI\/IIZ;)
CHEBYS}HEV (NP, IG, £X, BW, FC, AMP, AR)
BESSEL (NP, 1G, FX, B\VI, ¥C, AMP)
BUTTERWORTH THOMSON (NP, IG, FX, BW, FC, AMP, EM)
ELIIPTIC (NP, 1G, FX, BW, FC, AMP, AR, EM)
Special Casas:
QFACTOR (AMP, Al, A2, A3, A4, A5, Ab)
psed to describe:

L Als® + AZs + A3
Ade® + ASs + Ah

ANIP

LEADLAG {AMP, F1, F2, ¥F3, F¥)

used to describe:

: 5 5 .4\ -
| AMP* 52 Fl : 2;’ £2 :% | (B-18)
\Z2 F3 0 INNZTTFL T
-if:
¥2 = ¢ then one zerc is f.;.limirxai,‘ed
F1 - 0 then hoth zeros are sliminated
F42 =0 thea one pole is eliminated
F3 =0 then both poi.es are aliminated
LEAD FUNCTION (AMP, Fl, F2, F3)
‘used to describe: |
JRVE =t EE Y B.19)

s -
(Sz—pi + )
- and is otherwise the same as the LEADLAG {unctieon.

B-35



Note that the LIBRARY index defines the reference name
azllovrable for any model element and can be changed at the
user's discration. :

. When utilizing the above functicn, any time FC » 0, an RF filter
iz referenced (i. 2. complex inputs and outputs) rather than a
haseband filter (i.e. real inputs and ouiputs}. Table B-3
descrices the conditions set up by FG and FX,

TABLE B-2

¥C Fx 1G Resgult
0 A .= | Baseband filter simulation -
>0 | >0 3 REF translated fiiter
>3 0 3 Symmetric translated filter (Q = @)
>0 I ¢ b Equivalent low pass function




B.3.5 MISCELLANEQUS MODELS - LIMITERS

2.3.5.1 Hard Limiters

A hard limifer in baseband modclingis simply $/ ¢ . However, in
the RF ragion, a hard limiter is described as follows:

SUY /Y]

‘ 2 2,010 tan
- + N i -
Yit) -[Yr(t) Yo e
3 YiiYe)
oy _ ~_itan vr -
I L e
where ) _ 520
cY, (3]

¥20swxfe)

t
_(-I_Yr(t):

;[Y_itt) +Y§(t)]'

Thus the R¥ limiter is referenced as;
RF LIMITER
with its output normalized to unity (C = 1).

B.3.5.2 Soft Limiters

[N —

/\-SLOPE = OUTPUT/INFUT
-.-«—-___-_-_/_ - --A !

- Figure B-27,

“B-37



_ . APPENDIX C
THEORETICAL BASIS FOR FILTER MODELS

TRANSFER FUNMCTION RESPONSE FROM .QOLE-LF‘RO LOCATION

A general transfer funciion niay be expressed in ‘the foliowing foron:

A H {S - Zi)
= BN

H{s) =

where A is some conctant multiplier

g = j»w = complex frequency

P, = Complex Pole [+ ;w)

Complex Zero (s + jw.l)

N
it

N = order cof the filter [Number of poles)

R

WL = Number of zeros

The poles and zeros are always eiti:er complex conjugate pairs

or.single real values. The rosts of most of the funciions of interest
consist entira Ly of conjugate pairs, if even, and have onec andltxondl

real rpot, if cdd.

The computation takes advantage of the computer’s ability to do

complex arithmetic, The response at a2 particuiar frequency {w ) is
obtained by substiiuting into equatien &-1 whi ch yields



p o gs - i=1 . L e
H "Uw ) = N - = o v P . {C-2)

The complex result has o magrifuce and plase response ziven
Iy the foliowing expressicns

e e s

]i—fjm i -x/c.'i + §52 = Magnitude Response
-l g ‘
. Tan L[ ,’a“ = Phase Respmse

The multiplicative constant, &, is used most ofien in the progrars
as & normalizin g fac"or., In general, it is desired to make tae response
bz anity at DC,1 Thisis acze mph.med. if A is cemputed as

l*“

A = Avi . (C-3)

El sz""

All that is needed then ir to deterrrine the paoles ‘{ar‘ zevos for
the Pinpt..c function Case) of the different types of filtars. Since each
filter is derived diffe. sntly, the rocts of each are found mffe.r ently and 2
szction is dewvoted to each type. 7The poles found are ior the norrralined
iow pass (1 radf/sec bandwidthl, The rasponse for high pass, etc., wil
bz discussed in the section on transformations,

-
: . :

~ >

. & G ‘JJ"RA”".(")N OF FILTER PROTOTYFE TEANSFLR FUNCTIONS

C. 2.1 Idzal Filtex

An idea! {or woral)filter is defined as ome which has unity gain and

linear phese cver some bandwidth £ fr This filter has been included in the

iiter :;u.:rrux«tlne L)Gf_..]_"!ﬁu of its useiwlness in varicws ;nal;,s*s nroblerns.
Its characteristics zre given in £ gurﬁ C-1.

| S . e andnass ctions.
For low zass functicns, ctaerwise at center froogaency for bandpass fun ¢




?ﬂ_.,_,._.__....__._'. N f2

e e g S W R W WUGE WAK) PTG

__._.;Nrr/z ———

Wote that the time delay is N/ZfB

X

Vi .
Figure C-1. Amplitude and Phase Response {or Ideal {zonzl) Filter.



C.2. " Aulterworth Filters

A Butterworth or maximeall

i
manuvitude response given by

Sn

vy flat amplitude [ilter bas a

ey

it

(L2
.!-
£ b=

A (C-4)

where N is the order of the filter.

. CThis is an approximalicn to an ideal low pass as shown in
fipure C-2, The higher the ordex, N, the nearer the filter response
arproaches the idez2l, :

The transfer function may be obtained by svbstituting s

= ..b-'lz
trr roni2 Sy o 1 T
133 \S)l = H (S) I‘l("S, = S ™ :(C-S)
: I +s -1 e
i . -
The rocts of equation C-‘

<
% are given by the expression in eguation C-6
‘ i

I E R o _
£ = expL ( N ﬂ,k = 0, ZN-1

L {C-6)

!H(J'“’)‘z 1

INCREMENT N \\\

(v
R .
Pigure C-2. Butterworth Response Approximaiion lo an
Ideal Responve.

Gt



. . 2
and determine the poles of the filter functicn. The poles of H {s)

will be equally spaced on a unit circie in the complex frequency plane.
Those belonging to H{s} will be only in the lcft half plane, Tre pale
locaticns are illustrated for odd and even order Butterworth functions in
figures C-3{z) and C-3{b), respectively. The equations for the poles for
both odd and even order are ziven by equations C-7 ard C-8,

Oaa:
P00 : .
2i<1 | _ L fim . . fimy N-1°
. } = -co3 (-[—\I‘) £ j sin \T\I-) i=1,2,... T (C-7)
2i )
PN = -1+ 30
Even: N
P,. o Fs 7
2i-1 (i-0.5k}, . . HE-0.5) b N
_ 1 = -cos u—-—ﬁ—-ﬂﬂ:.]sm E.—-——ﬁ——-w-l;.= ;2,-—-?:— (C-8)
23 ‘
K2 jw
a -

N

"

\' ]

{2} 0Odd Order ' {h) Even Order
Figure C-3. Butterworth Pole Locations.

-
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f? o At P e

{z) Even Order . {b; Qdd Order

W

Figure C.4. Chebyshev Amplitude Response.

'

v e
. ‘\_

% c.2.3 Chebyshev Filters

Chebyshev {llters are characterized by an cquiripple pass band
as shown in figure C-4(a) and C-4(kL} for evern and odd orders, and a
monotonic passhand response. An alternate Chebyshev polynomial
epproximation provides an inverse response, 1 e. mondione passband

and ripply storband response.

The equiripple approximation has been shown to provide the
:  sharpest cut-off filters thus the Chebyshev is the sharpest possitlz
all pole filter function, .
The magnitude squared sf the transfer funciion for the Chebyshev

filter response function is given in equation C-9

2 3

. t
IH(JEJ}}I = 5 {\u"g}
! 2 + EZ T Zl )
L - L¥S]
N A\
1Of all transfer functicns whose zeros lie at infinity.



where

H

Ty {w)} = cos [N cos™! (f-:)]

cos [N cos~t (mﬂ Dsw=l
J

cosh I_N cosh™t (wﬁ w1

Txn can be pui in polynominal form, yielding the Chebyshev polynominals
of order N, T

The rocts can be found by solving the deacminator of equation
for s after substituting » = s/j end selecting the poles in the leit half
plane. :
This expression has been solved in reference 54 and the Chebyshev
poies have Ezsn shown to b2 on an ellipse in the s plane. It has also been
sbown thai the Chebyshev poles are simnly reiated to the Butterwoerth
poles. This relationship is given .by defining an intermadiate vari-
able, &. to be

o -
S TP 2 L
¢= 4 sinh \;) (G-10)

or

L /]

4 .;T{ln(g+ T

The Chebyshev pcles zre then computed to be

Pi = O:Bi coship) +j ﬁBi sinh (&) (C-117

where o, and Bp; are the real! and imaginary parts r:espectively of the
- Butterworth pole posilions as defined in cquztions C-7 and C-8.

-7
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The value of € may be cc*nputf*d in terms of the ripple amplitude (AR}.:
The ripple in QB is given by'

AL = 1 _ T
Ag = -20 195_7,10[:;_1{_?_TE = 101og, l-l+e_}

which yields

.
R , (C-12)

. ake
C.2.4 Bessel Fﬂte:’s"

The Bessel {ilter is charactex ized by its maximeally flat time
- delay (i.e,, linear phase) characteristic, 'I‘b.e linezr phase character-~
istic is obtained without regard for the amplitude response and the resuilis a
non-selective amplitude characteristic.

The transier function for an ideal time delav{=1 sec} is given by

. -5 _ ’ 1 )
His) = e T cosh (s) + sinh {3) (C-13)

This expression cannot be u.pa.raed directily and truncated at N

erms because it is not Hurwitz (21! poles in leit half plane) for N> 4.
'I‘he problem is to find a Hurwitz denominator. A Hurwitz polynominal
is the sum of evan and odd pa:‘:: cf some reaciance functions m{s)/n(s}

{even/codd),

IMote that sink is odd and cosh is an even function, I we expand
the following in 2 series and then in a continued fraction representation

the resalt is *

"~

s2
1 +2) e
cosh & _ +2!' =_L+ ! -
sin h § K} s 3+1
’*—‘- - S
s P oZe
SO
3

.ssel {ilters, named for the Bessel polynominl ucsed in tEeir.realization
re derived by W.E. Tﬂon’*son. and are sometiimes reierred to s

_T‘mmfr.n fote._ S s e s
: B CTR L



This iz the form of a reactance function {2ll cocflicients are positive}
and may be irvnczted at the Ntk step to form:

H(s) K . X

S misi+n(sl T Bl
. b
H{s} = — (C-14)
= . -
LN b bls sz

.

It has been shown that m(s ) + n(s) is a Bessel polynomnial which
is defined by the following recursion relaticnship

. 2
R = 2N -
By = @N-UBy 5" Bys
where ¢
‘B o= 1
o
Bl = s+ 1

The Beasel coefficients are of the following form

N e
b = ‘}(QEN LI
MN-x) kI

The poles of this function can be found bty digital ccmputer and
are published in reference 58, Note that eguation C-14 has heen derived
for 1 sec time delav, but it would be desirable to work with a functian
normalized to a given handwidth, The half power bandvridths for orders N=
1 to 12 were computed and aré given intable C-1..

Using these bandwidths we may then norrralize the 1 sec. time

delny poles to a 1 rad/sec bandwidth by using equaticn C-i5,

P, ( rad) = P, {1 scc)/BWN) (C-15)

A table of the ! radian/sec poles is given in ftable C-2.

C-9



Table C-1.

To be supplied.

To be supf;l‘.:d.



ORDER

bt

W~

1&

v, !
Table C.2 Bessel Poles.

POLES NORMALIZED TO 1

COMPLEX POLES

~1.10160152

=l OLTH916

=1, 322067579

-1;37ﬁ65782
«f§,99528878

"1538ﬁ377
?ﬂ.957¢1555
i, 50231627

~1.571490339
=1,38185218
“£. 93065652

~1,61253846
-1.37590%321
=T, GNI8S6778

=1, 684306313
3

=1,757u0841
=1,83560304G
1, 37324122
“f,39285073

«1. 88717054
=74 65239649
~1.3575883]
-, 87839927
-1, 85660651

~1,3L219623
=1.82761867
~1.566181822
-1.36569226
~0,865756389

=1, 98015465

~1.867351%5
-1.66719365

-1a 35342060
0, 55451259
-2, 01670303

J
o

. .

K. T,

t

§)

LS

J

Y

Y

o

[

. C. . Ca

-

e

fdcugc

ESTOPE - S T e g e

ﬂnSBGﬁﬂ?SE
#.99926442

G.4idzka71
L 25?10572

§, 71701359
1471374532

f.321185637
Elg7 hflﬁa'
1.55185325

ﬁ 5#§9hh51

X asquﬁ135

g.27286757
£.32279563
7. $8835658
1,39832587

#.51238373 "

1,0%138956
1.,56773372.
e 1533005k

,72725750
g 241623% 7
1.2211002
1, 73350573
2.2926(L3]

#.15559875
§,0233i15589
1,20586291
1.88329688
2.?28%59&6-

RAD/SEC BANDWIDTH



je

P’I‘ = Bessel Poles (1 rad/sec)
PB = Buolterworth Foles

M
BT - Bp

)
0

by = (1 - Mlby + Méy,

)
v

Figure C-5. Butterworth and Bessel Pole Transition loci

i

, Feference C-113 uses the 1 secend time delay Bessél poles
normalized so that

=r4

for the analysis., This produces a set of filters for which the bandwidth
is a function of both the order and the parameter M, The bandwidth
varies mionoterd:ally frem 1 for M = @ (Butterworth) to a number
greater thau i for e M = 1 (Bessel), Note that anv normalization of
poles {tc change the bandwidth} only changes R aund has no effect on 4.

Cr~ L1 I



From this we ¢an see that the respoass of the resulting BT {iiter is
independent {except for bandwidih scaling) of the bandwidth [and corres-
pondingly the Rs } of the Bessel peles. Noting the monotonic behavior
oi the bandwidth as 2 functicn of M, it is logical to choose Bessel poles
with a 1 rad’/sec bandwidth, for then the bandwidth of the BT filter will
be closeto I rad/sec for allvalues of M. Care mustbe used inpairing the
poles from Besscl and Batterworth., A rule that mayv be used is: choose
a pole from each Bessel and Butterworth with the largest real part,
‘then choose the next pair with the next largest real part, etc,

-

C.2.6 Elliptic Funciion Filter™

The elliptic function filter has been showr to be the cptimum
* filter {sharpest cuteoif for a given complexity) whan both poles and
‘zeros are permitted. The magnitude response is given by:

1 Ge? = -
1

where
. K.w w,z - 2‘) _—— (w n-1 “’—‘)
R = Y 2 ;
n w2 2
| R AT
: \ \ms. \ Wy
Jor n = odd, and . .

for 1 = even.

There are two common ways of normalizing the elliptic Ilter
fanction. We have chosen o normalize to the end of the passband
" {wy = 1}, The bandwidth specified then 'will be the "ripple bandwidth'.
With this normalization the zeros of II(s} are irversely proporiicnal
{orith constunt wy) to the maxima in the passband, The other mzthodt

“Also called ""Cauer paramecier” {ilters, and “rational Chebyshev!
filter.
C~12



/
normalizes te the gaometric mean of the end of the passband {i,) and
the beginning of the ston band {w.) so that vu,, w, = 1 and w, = 1/
e beginning of the stop band lwg) 5o that vup wg = 1and wy = o
With the latier normalization the zeros of H{s) are reciprocals of e
maxima ¢f the passhand and the critical J.reoucnc-es are

(k)
: ui=~/E£sm k-———N ] _(C-18)

where ‘ K(k) = complete ellipiical integral
. A e :
A kp =gosi= LN
| o

The even cordered filters are referred to as "hypothetical filters"
since thev cannot be synthesized without transformers. It has been
shown, {reference C-114), however, that by applying a transformatioxn,
a realizable filter function can be obtzined while retaining the squizripole
'DI‘ODEI‘tU’ This transformation moves tho lu'vv"e:u_zerc of B fw, ) to ,'
zera and the highest pole fw, fco. ) to infinity. The resu.l*mé RN is gnre—;

by equation C-19.

.““
f e

: m-\ / ;“n- g W
EEEREEE

(C 19)

wkere

'

w, =
i

t i

™ =

n

tro T
The factor w,  is netossary §0 thate = i.

The taree typss of filter magnitude responses are shown.in
figure C-0. : -

i

SIN = Facob. sine funcisn,

£

e

Pt
W
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The location of the w; was first found by Cauer from eliiptic

funciion theory to be .
r,;.f:‘: (kz) v ] ‘
w, = SN\ s Pi= 1, N {C-20j
where
k, = ne
“s

Note that w,, = I, since SN IK(}:)E - 1.

N

The parameters of the filters are:

24
"

Minimum passhand gain

ag = Mayimum siop band gain
us'l = Transition bandwidth
N = Order (complexity) of the filter:
\/K SM + 5;\5.-4 o ao)
H(s} = - -
N+ 5N 1+...b

where
M = N-1icor odd N
M = N for hypothetical even N

M = N-2 {or iransformed owven N



Only three of the four parameters are nceded to specify the
response since ;

% . 1 i/ (C-22)
® - }———,)— T = [ -
! \'u‘ e, ™ -1 2 N
1 1]
N R Kik,)
.Y = = - = ) H{C-23
ate;? = [ab)] or gy = Mg (C-23)

I the order (N}, op, and k; are given k| may be computed from
equaticn C-23 and ag from equation €222, ap an

5 ® :d aq 2re nsuzlly expressed
in DB. / >
Ap = 20log,, ep S . (C-24)
AS = 20 log:lo as | . ) . - {C-25)
A, =

. 1 41
s = 1010310 {1 +q2-(c;i_1)]

An alternate set of specifications used by the Tzlefunken Design
Tables (reference C-115) provide a2 smoother range of parameters which
are rclated to the ones given zbove. They are:

p = 1 - apz‘: Reiflection Coelficicut {C-26)

§ = sin ~ ({¥,} = Modular Angle . (C-27)



A typical design might be made by cpecifying

1. por AP
2, B 0T wg

3. AS
The order needed may then be obtained from the tables in
Reference C-115, or various nomographs available.

The poles and zeros of elliptic funciion filters have been found
both by algebraic means and by use of conformal mapping {Reference C-116}
through the Jecobi elliptic functions. The mapping is

1l

s jSN[d(q+jvm1%] (C-28)

Ik 1/{35

2

The poles and zeros lie equally spaced on parallel lincs in the

W piane (W = U + jV} with the following coordinates:

Zeros : -Poles

-) '
sin” " (a,), I-:l]

. {
1 KU"—Z)J [
- L
u -k 0‘2 ) : NEk,)
1- 1! Nz—l
. 2i - 1), z2i -1
\£} = (l TN ) Klk;) = (1 TN )K (i)

0 (Real pole for N odd}

Using an identy for complex arpuments of the SN{ ), we can write
down the poles and zeros of H(s) in the s plane

) (C-29)



1 < ! o 1 ' : \ !
o -CN(V,, k) DN(V,. %, } SN(U, k, } CN{U, &, ) +§ SN{V,, k,} DN{U, k) (G-30)
i . 2 ! 2 ‘ i}
! - SNY(U, k, ) DN(V, k,)

‘Note that the real pole for N odd is

SN (U, k,')

Fo T TR ;1 - e

The poles and zeros given for N even are for the hypothetical
filter and must be transformed to the realizable {ilter by following

s, F 'complex pele
or zZero - (6-32)

[K (kzjl
y 5 SN TR

This transformeation is applied to both poles and zeros. The
complex pair of zeros at {mslwl) is deleted.

This transformation does not alter the pass or sfop bSand ripple
but it does increase the transition interval. The new beginning of the
stop band is: ’

{C-33)



C.2.7 Other Transfer Functions

L-FILTERS

) i .
NOptimum filters with monctonic respeuse?’’, or L-filiers, are
a class of filters optimum with respect to the properties: (1) menstonic
response, with (2) sharpest possible cutofr,

Thus, if the L-filter amplitude function is

Alw) = Ao

‘/i—+Ln ()

then the nth order L-filter is defined by the nth order pclynomial Ln
which satisfies these thiree properties:

2
1. For all w, d. Ln(w‘ ) z 0
' dw
2. I""rx (1) = 1 (arbitrary normalization)
' | 2
3. dLn w ) is meximum
dw .
Cwm l

105 the Approximation Proklem in Filter Design', A. Papoulis,
IRE National Convention Record, Vel. 5, pt. 2, pp. 175-185, 1957,



C.3 FREQUENCY TRANFCORIMATIONS

Freguency transiormations are used in {ilter synthesis so that
one basic {normalized low pass) filier may be synthcesized and then other
tvpes may be derived from it. The transformatiors provide for both
scaling of the frequency scale and for aobtaining a different kind of
response (e, g., bandpass) through mapping s;, OUrce the desired
responsc is obtained by choosing the ceorrect transficrmations and trans-
formation parameters (w,, wy ), the basic network can be altered appre-
priately witheout deriving the actual transfer functions. The details of
the transformation are discussed in Weinberg {reference 58},

In the following discussion table C-3 will be usefvl to refer to
the four commonly used iransformations which are implemeanted in
the FILTER program, :

Poles and Zércs
] The general form of & {ilter transfer function can be represented
in the {forin of equation ©-34, The relationships

- . . A
AY -z :
.=l '
H{\) = ‘N . {C-34)
(%= PNi)_ :
. i=1 )
where
1
. . 1'§PNi
= veal = e

A real constant A HZNi
X = camplex frequency {normalized)
ZN; = complex zero fmormalized)
PNi = complex pole (normalized)
M, N = number of zeros and nuraber of poles, respectively,

between % and the complex frequency s (s®jw) are given in table C-4,

The objective is to utilize the transform relationships and the normalized
low sass filter protolypes in order to obtain cquativn C-35 in the form of
equation T-34, This objective is



e i
H(s) =~\1§§1—-——— (C-35)

achieved by determining thie relationship petween the normalized poles and
zeros (PNj and ZN;) and the poles and zeros in equation C-35 (P; and Z;).

Table CT-4 and C-5 prescnts a summary of these results which defines the
transfocrm cxpression for each of the feour filter typu.s. These expressions
are implemented in the FILTER program. )

Table C-3, Fr}:quency Transformations,

! %
Transformeations
Fiiter Y [+
low Pass sfwb W foo b
igh P w /.
Ligh Pass wb/s b!,a
2 2 2
. 2 + wr_ w - mo
Band Pass ’ —_— = —_—
. - W
“p° b
w, S T W
o b b
Band Stop = Z > 2
[ s+ w w o= w

A= Bt G

C-21



Table 2.4, Transformation Relationships.

Filtex Twroe g Transiorm
Liow Pass : X = s/""b
High Pass A= was

i 52 t oo 2
Bzad FPass X = 2
. . S w
o
L. ' smb
Band Stop N =B
) SZ o 2
o
w, = Center {requency
W, = Bandwidth

Croup Delay

Group aelay(tg) for a filter is defined as sboivn in
equation Z-35.

_oeddde)
.tg_“ dw .ls = Jo

where

radian frequency

§l

L4

&)

steady state phase response of fiiter,

(C-36)

The complex stecady state phase response for the normalized filter
ts found by substituting A= jQin equation C-34. This expression is given in

equaliion C-37.

}i G- ZN)
HER = A
() =
o ga- PNi)
i=1

Cc-22

(C-37)
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where

ZN. = Normalized Zero = o ¥ Jp,
. i =~ i i
PN, = Normalized Pole = a; + jei

The phase response of this function is readily computed below in eguation C-3¢

N

$@Q) = z tan—.i( 2 'I(Q— ‘ ) (T 38)

=1 ! i=1 i 7

..4.

In order to find the phase responce of the transformed filter the cquality in
eguation C-39 is used, where T(v} i1s the appropriats transformaticn
tzken from table C-6, Using equation C-3€ znd

piQ) = 9 ('Mw)} o {C-39)

am-d-
délw) _ _défla) 4R : 4
gy T TTde de . (G4t

the group deizay of 2 normalized lowpass leter can be obtameu as
given in equation C-4]. :

Na

N a.
tanlR) = 4 - z 5 (C-41)
i=1 ay + (p g) i=1 Y + (g - 52)

and

; an . .
tg(‘“’) = tgn (T(U)) ao . "lC-"-Z)

The group delay for the transformed filters is derived from
these relationships and the multiplier af/dw which is o function of the
type of transiormation being made. LIguation CT-42 shaws the expression
for group delay 235 a {unction of the normalized low pass expression

Cugd



C-5 lists the groun delay funciions for the four transformations
dere'ﬁ. The group delay at zero frequeney and at center fre-
a1 af irterest. These furstions are tabulated in rab Le C-7.

hlﬁre are saveral iateresting obsery a‘rmna io ba roade szhout 1.1"(3

C,
grous uelay, and vhey are as inllows

® - Always coubinaous ;.r.d boanded and is zevo damly
at w =,

) Poles znd moeros with & zere rexl part contribute
nothiag to group celay.

B if iPﬂ»[ = 1 grovp delay for low pass is the same as
for kigh parss and bandpsss is the sarne 2s baad stop
(., But‘&:e.‘f' worth filters casel,

\
O EQUIVALENT NOILEE EeNIWILTH

There are numesous delinitions of the cqu*va?em’; acise nDam e
widin (ENDB) of 2 fiiter. The ono wiich is implemernted in this TILTER

program is given in equation C-43, .

LT 2
24 |, el cw
END = o (C-43)
- | HGell® L,

“

LI

This iz the bandwidth of a hypothetical filter huving unity gain
in the passYand and zero gal n in the stop band followed Vv an amplificz
wih gain = Ky, The ncise power passed by such & {liter and
amplifier woud be

~
P o= W ENZHT {1
: ik o et :
where W, is the ane-sided p awer speciral aonsity of the (flat) noise in
wathgn/Hi :md wherae Hw) is he {ilter transfes ur.,ct:un with s = ju. The
integsr ‘..E can be evaluated in the fellewing wav:
; 2z . .
Hijw}" = ey BEjGw) = I8 11{-3) {C-45)
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Table C-7. Group Delay at Zero and Center Freguency,

il L t e
Filter g(O) g( O)

Low Pass - g i,, .. e = e e
“p i=1 (P17
[ li ‘
- }
1
] 1 N
High Pass - % P S
bi=L * :
w _ P,
] _®_ N 2 NP1
Band Pass - . P, - — 3 .
o C it d “b i1 |Pi°

Band Stop - = 3 -

o

s

0

Pt
' g
-

Neoies: 1) Zaeroes are assumed to have zero rezl parts,

2} Poles are real or coajugate pairs,

Substituting 5 = jw in the integral in equetion 7-43 yields

Jo
riviy f
203/ \2 H(s) H{-s) ds r
— L B ] i ; N v oa
. ENS 3 3 5 HIS) H{-3; ds (C-4
H 2H ]
max ) max c

‘where © is a ¢lofed contour in the complex s~plane. Since the right
haif plune poles are Lo miirror image of the left half plane, the contour
of integration need only cerntein those peles in the left palf plane, The
in' Din egnation C-406 can be evaluated by finding its residuas.

The integr cen be represented as {ollows

ALY Naw
carn

6!



NZ
'.H (S - Zi) ("S = Zi}
Hs) il-s) = -aif! (C-47)
" Pl
Wos-r)ts-ry
i::} . =

The definition af the residucs of equation C-471is given as

k_(P.) = lim {1—_1{5) H{-S} (S - Pj}]

vhich reduces to

m'j
5~
NZ sz B p?\
2 i 3
R_{P) = -A =1 — i (C-48)
m* ] ap NP {2 Pz}
NP ipf_p
J_ ifii( * 37

substituting this resuit inte equation C-4% yiclds the appropriate
axpression (cguztion C-49) for the ENB in terms of the residues of the
poles in the left half of the S-plane. '

NP
. 1 - 1
ENB = = R (.} {C-45j
S Tm T
“max 3

It is impertant to note the followiny:

(4)

H{z) is the transiormead {filter transfer function
iI{s} can have no poles on the jw axis
Multiple poles are not allowed

The nunber of poles mnust be greater then the number
of zeros,

@]
w
o



c.5 TRANSIENT RESFONSE

The time response of o {ilter may be obtaived by evalualing
the inverse Laplace transforms of the luput signal and transf{er {unction.

Ei(s) 't'o(s)
ei(t} eo(t]
where
e,()==> L, (s) input signal
hit}=>11{s) " impulse responsc
r o ftie=E (s} output signal
The Laplace transform paire are given in equations G-50 and C-51
2 -
Gs) = j z{t)e Stoag (C-50}
5 A
st
. 3 = . ] _51
gty = [ ; Gisle " ds {C-51)

+

We write
Gls) = L {gfty )}
L-1 (G(s))

—
ry

St
n

The trancfexr funciion H(s) is known {compuled by the program)
and the Laplice transiorms for various input signals have heen tebulated.

The Laplace transform of the output signal is:
Eo(f‘) = B [a) H{s) {C-32)

c-29



The problem is to evaluate the inverse Laplace tranaform
N CLe probl evaluate the ir Laplace transfo
L7 (2g(s) ) = eglt) from the inversica formula

(-l-jm d
1

{ .
_ 34 N = .y SE
e () = anj E (s)e” ds = ijj L (sle” ds
€=-jw : C

In useful casez Eg(s) has poles only in the left half plare
{Rels) < 0) or onthe jw axis and has more noles than zeres. The inte-
grind then vanishes at s = » for t > §,and the integral can be replaced
by a conlcur integral around the lelt hall plane shown in figure C-7.

. : st
Then eok.‘:) = % residues of Eo(s)e at poies of Eo(s)

'7!

ﬁf’: (5 - Zr)

' 5= *

E (s) = — .~ NP’ >NZ!
o NP
.- n (s~ Pi)

i=1

o P
—_

™

Ficure C-7. Contour of Intepration.
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where NP! and NZ' are the nwnber of poles and zeros of £ (s}

For simple poles 2nd a gereral function G{s)

Ry = {s - P} Gls) . (C-53)

dor poles of multiplicity m

R{P,) = 1 éf——}— (s-P. Y Gs) Co54)
SR T meIn Lomel h ]

¢s

lim s «—Ph

. ’f there are no maultiple poles the modified residue R'(P,) may be
evaluateA: ‘ -

NZ* :
A T (Ph.,z.)epht -
i=1 * _ Bl
R_'(Ph) L = S(Fh)e s ixh  ({C-33}
BBy - P
i=1
Note 1kat R{Ph) ig the residue at I—‘h of Eots).
Thke outpui is thug:
‘ .
. NP ' Pt _ )
eo(t) = Z R{P e (C-56)
b}

Nete that while this cquation ceontains complex guantities, ths sum is real,

I itere is a double pole 2t zero {@ ramyp input), the residue can
Le found fram equntion C-354,

O
1
(B3]

—t



H(s)

, t ., stdH 1
t H{s)e®" +e° d(_j) ]
. foce
aHis) | ]
tH(o) +—ds -
P{s)/O(s) P(s) =b_ n
Q(s} =a_s"
QP! - PO 2, by b2y
o | 5
s=0
s . b =0Z,
L [ o] 1
b, = £Z,
1 B 1 1
[vz. [lpﬂ-(vp] 5z,
) 1 L ] i
{ £ } L2 { J
H*e} =
v 2
| e, 1
L]



Thercfore for et} =t

NP P
2{t) =tH(o) + H'{o) * > R{P,le
i=1

et

While it is posesible to compute (he response for multiple poles other
than {he one described, these ¢zses hoave not been implemented in the
program described later, I a multiple pole {other than zere} is
encountered, an overflow will resulf.

C-33



