
i 

• ••• RESTRICTED DISTRIBUTION *.*. 
'1" .0). ' /o ~-.J,,\.JJ9 

FOCAS USER'S GUIDE 
(Fib~r Opt i c Cable Simulator ) 

DEC - TR 470 

Anri B. £wal t 

February 3, 1987 

Keywords: FOCAS, fiber optics, optical cable, optical fiber 
opt i cal communications 

ABSTRACT 
, 

FOCAS is a tool for determining the senSitivity of optica l 
communications links to design parameters. It assists designers 
in assessing the importance of: optical source/ optical fiber 
spe c tral characteristic mismatches; sour c e ed g e shapes ; o p ti cal 
f i be r length, chr omatic and intermoda l dispers io n, and a tt enuatlon 
characteristics; optical receiver bandpass, phase shift, and ga i n 

Distributed Systems Technical Office 
Digital Equipment Corporation 
110 spitbrook Road 
Nashua, New Hampshire 03602 

DIGITAL EQUIPMENT CORPORATION - COMPANY CONFID~NTIAL 

, , 
, . 

. ' 
'. 



, 
: '. 

+---------------------------------------------------------+ I COPYRIGHT ec) 1987 by I 
I DIGITAL EQUIPMENT CORPORATION, MAYNARD, MASS. . I 
I This is an unpublished work which contains Confidential I 
I and Secret information which is protected under the I 
I Copyright laws. The existence of tbe Copyright notice I 
I is not to be construed as an admission or pre.umption I 
I that publication has occurred. Unauthorized copying I 
I is strictly prohibited. All rights roserved. I 
+---------------------------------------------------------+ 

• 
". . . 

• 



( i ) 

OVERVIEW 

FOCAS (riber Optic CAble Simulator) is a tool for sensitivity 
modelling of optical communications links. It assists designers 
in assessing the importance of: 

* optical source/ optical ffher spectral charact~ristic mismatches 

* source edge shapes 

* optical fiber parameters: length, chromatic and intermodal 
dispersion, and attenuation characteristics 

* optical receiver bandpass, phase shift, and gain (or attenuation ) 

In addition, FOCAS supports modelling the PWB interconnect 
betwee n t he opt i cal r ecei ver ou tput a nd t he r ema ining syscem 
9_a~~'onlCS. :C lS struccu r ed to be eas~11 expandable to 
i nco rporate models of the circuitry following the re c e iver. 

FOCAS offers wide range of outputs for maximum flexibility: 

* standard voltage vs. time display 

* EYE pattern - (also calculates timing jitter from 151 
and OeD ) 

* power spectrum and/ or phase shift of the signal "at any 
pOint in the circuit 

* transfer function of indivi dual c i r c u i t elemen ts 

* data file of voltage crossings, extrema locati ons and 
values, tiaing jitter, and per cent noise margin 

FOCAS is structured in a manner which permits changes to the 
detailed phYSical models included to be performed in a fairly 
s i mple straightforward manner. This feature is intended to ass ure 
that FOCAS can be extended as our knowledge base expands. 
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INTRODUCTION TO rOCAS 

FOCAS is a tool intended to simulate the behavior of point-to
point riber OptiC CAble circuits. roCAS performs the circuit 
analysis in the frequency domain, then transforms the results 
back into the time domain. All input waveforms are assumed to 
be periodic in time. 

Once rOCAS is installed on a system, the user creates a simulat ion 
model by simply invok ing the ed ito r and creating the file, e.g. 
"MODELXYZ ." . At the system prompt, RUN FOCAS invokes the 
simulator. FOCAS provides prompts to the user for any further 
input data required . ( See section V. and Appendix 1 f o r details. ) 

A simulation circuit is composed of a series of cascaded two 
terminal pair networks as shown below. Output voltages 
are based on terminal pair differentials . FOCAS provides output 
in both graphical and tabular form. The graphics files provide 
direct graphical output on REGIS terminals. Output data files 
p rovide an !nte:~ace to graphing routines f o r various types 
of isplay d evl ees. 

The FOCAS output files are: 

MODELXYZ.TG - time domain graph in REGIS 
MOD~LXYZ.TD - time domain data file 
MODELXYZ.rG - frequency domain graph in REGIS 
XODELXYZ.FD - frequency domain data tile 
XODELXYZ.PD - phase vs. frequency data file 
MOD£LXYZ.PG - phase vs. frequency graph in REGIS 
MODELXYZ.DAT - times at which output voltage waveform 

crosses specified voltage levels 

A UIS graphics routine is included with FOCAS installation 
for microVax users. 

Units are ohms, nanohenries, nanofarads, nanoseconds, gigahertz, 
mhos , centimeters ( except as noted ) . Input format is similar to the 
FORTRAN F or I, (decimal pOints need not be supplied for Whole 
numbers ) formats. In addition the suffixes M, K, and U are 
interpretted as: M - -.001; K - *1000; and U - *.000001 

11 1---0-----
GEN 1 1 

1---0- 1 ------- ------- -------
---------- 1 -0--- 1 13 1--0-- 1 I--O- IRCVR 1--0 

1 1 TEE 1 IFIBER I 1 1 
---------- 1 -0--- 1 1--0-- 1 1--0- 1----- 1--0 

12 1---0- 1 ------- -------
GEN 1 1 

1---0-----
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II. FOCAS SIMULATION MODELS 
--------------------

A FOCAS simulation model is a file comprised of a maximum 
f 500 twork subsections which describe the circuit being siaulatld 

~s a se~~ence of cascaded two terminal pair networks; control 
statements which specify the type of output informatton 
requested; and comments which describe the circuit in English. 

FOCAS reads only the first 1000 lines of any input simulat ion 
wodel. All other lines are ignored. In addition, comments 
encountered in the first 1000 lines of the model are also ignored. 

A simulation circuit is a file of sequential ( line by line' network 
statements. The order in which the network statements appear is the 
same as the order in which the network sub •• ctions are connected. 
Generators must always be specified first and are added in series . 

Arbitrary bit patterns are created by cascading multiple GEN 
generators. To determine the output waveform fro. a ser ies at 
casaced GEN 's , o ne consider s their simple superposition over a 
SINGLE ?e~l od of ehe ~le patter~. 

When a bit pattern begins and ends in ONE'., superposition 
could lead to overshoot at the period boundarie. ( Figure 1 ) . 
This condition does not coreespond to the behavior of physically 
real data streams. A real data channel carryi ng this repe t itive 
data stream would not show such an overshoot. aence, FOCAS 
automatica-lly checks for and corrects bit patterns with leading and 
ttailing ~NE's. Figure 2 represents the sa •• repetitive bit 
string as that of Figure 1, but wi~b the roCAS checking enabled. 
( See Section A. Optical Transmitter Models for aore detai l. ' 

The name of the network type is placed first on a network statement 
line. This is f o llowed by a series of parameter names with each name 
foll owed by it s numeri c valu e . Only the first three characters of t he 
n~twork name are recognized and need be included. Parameter name. are 
elther one or two characters, additional characters in two cha racter 
parameter names are ignored. Names and numeric value. must all be 
separated ~Y at least one space, equal Sign, or comma. For instanc e , 
the follow~ng are acceptable and equivalent: 

TEE R1 1. L1 1.0 R 10. 
TEE Rl-l.,Ll-l.O,R_10. 
TEE Rl-l ,Ll-1 ,R-10 
TEE R1 1 L1 1 R 10 

In addition the 
M ~ *.001; K
are equivalent: 

:~~~~xes ~' K, and U are interpretted as: 
; an U - *.000001. Thus the following 

TEE R1-S000 L1-.0031 C-.000002 and 
TEE Rl-SK Ll-3 . 1M C-2U. 

unspecified network parameter d f 1 
elements (R,L) default to z S e au t as follows: series impedance 
default to zero. Fre uenc ~ro and shunt admittance elements ( G,C ) 
are ignored if the r~qUir~d eiPendtent para.eters ( i.e., skin effect ) 

npu s are ab.ent . 

• 
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Simple shunt relistor loads, series terminators, resistor dividers, 
etc., are created by specifying the appropriate parameters in the 
TEE or OELTA network. A TEE or' DELTA network with no parameters 
specified reduces to a simple series connection. 

Exclaimation pOints are used to detine comments, all characters to 
the left of an exclamation point are ignored by the program. 
Plus signs are ignored. 

Generator resistance is the sum of all specified generator 
resistances, and generator DC offset is the sum of all $pecified 
DC offsets. If different periods are specified for the multiple 
generators in a simulation model, the maximum of all of the 
individually specified periods is used as the period of the composite. 

A. OPTICAL TRANSMITTER MODELS 

The t ranSml t : er be havl o r i~ b r ~k en down : n t ~ ::5 ~ l ~~::~n::. ~r 
t ime varying behavlor: the bit pattern and edge rates and 
shapes; and into its spectral characteristics. The spectral 
characteristics are entered as parameters in the optical 
fiber network model called FIBER. The electronic behavior 
is entered as a series of periodic asymmetriC trapeziodal 
generators. 

As noted in the previous section, rOCAS will automatically 
limit the output amplitude of the optical transmitter. The 
limiting is accomplished by a combination of input specification 
conventions and automatic checking. FOCAS assumes that data 
streams are coded using the minimal number of generators 
possible; i .e. n consecutive "HIGH" or "ON" bits are 
represented by a single generacor of pulse width n.B I T, 
where BIT i s the single bit time. 

When a data stream begins and ends in ones, and simple superposition 
would result in the overshoot of the HIGH level, FOCAS automatically 
combines the GEN's for the first and last bits into a single, wider 
GEN to create the desired input data pattern. As an example, 
consider the identical waveforms shown in Figures 2 & 3. Both 
represent the repetitive pattern: 10110 10010 10101 10011 
but have different simulation models. Figure 2 was produced by 
an eight GEN FOCAS model in which rOCAS detected overlapping 
leading and trailing ONE's. The 8 ns wide first GEN and the 16 os 
wide last GEN were automatically combined to create a seven GEN 
.ode~ in wich the last ~EN is 24 ns wide. In effect, the pattern 
has been left circularly shifted by one bit position to yield: 
01101 00101 01011 00111 , which is equivalent to the initial 
pattern. The mod~l which produced Figura 3 codes this second 
pattern directly, using only seven GEN's . 

• 

. . 
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Experimentally, ' LED transmitters show a variety of electronic 
behaviors, char'acterized by' the shapes of their rising and 
falling ed'gas. For simple transmitters ( Fiqure 4a ), the edge 
characteristics are dominated by a single slope, either with 
or without ringing. A more complex behavior, beat modelled by 
a slope change on the rising edge, is also oba.rved (Pigure 4b ). 

FOCAS can model all of these cases as series collections ot 
periodic asymmetric trapezoidal generators ( GEN'a ), followed 
by an optional series inductance and resistance with a shunt 
~Q~~ (;L~ '.( ~ (T£~ ) T~e TEE network provides a more rc~l~st!: 
waveform and the desired ringing behavior. Howeve" when an 
exact replication of the rising and falling edges of the 
optical transmitter is required because it is not all fi ltered 
out by the cable, one may use the SOURCE network sect ion 
described in Se~tlon II-A-3 of this manual. 

Figure 5 shows a schematic of the series generators ( GEN 11 
through GEN INGEN) followed by a series inductance and 
resi~tance ~ith a shunt capacitance ( TEE in rig. 5 ), 
forming hal_ a TEE network. This model Ls r.pr~sented as: 

! SIMULATION OF TRANSMITTER ELECTRONIC BEHAVIOR 
GEN pw-pw PER-per TR-tr TF-tf 

1 1 1 

GEN Pw-pw DEL-del TR-tr TF-tf 
2 2 2 2 

GEN PW-pw DEL-del TR-tr TF-tf 
3 3 3 3 

.. 

GEN PW-pw DEL-del TR-tr TF-tf 
ngen ngen ngen ngen 

TEE Rl-r C-c Ll-l 

Each gene:rator ifi spec, , cation requires the following para.eters: 

, .. ' 

. ~ - lO~90 ' · riseti i , 'PF:" _ l,O~90' \ fallti me n nanoseconds 
PW _ :' " ideal" pulse :~d~~ nanoseconds (default-TR ) 

, PER _ pulse "repetiti or bit ti •• 
DC _ DC offset vOlt~~ p~rlod in nanoseconds 
,.AMP ,_ pulse amplitude ~ n rOlts (default- O) 
DEL _ pulse dela i n Vet ts (default-I ) 
BW _ bandwidth 1n nina~oseconds (default-O ) 

fqiLowin9 the9Gt: e(~zfofla low pass filter 
,: ' ' , e au t - 50\ risetiae ) 

-. 

- .. 
, ,', 

" ','. 
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Normally, this specification could become quite cumbersome 
when modelling large data streams. In order to simplify the 
data input process FOCAS will set defaults according to rules 
based on the typical behavi ors observed for optical transmitters . 

To understand how FOCAS sets default values for GEN's one need 
only coniider the following conventions. 

Each simple device, with no slope change on its rising edge, 
requires only one generator for each series of consecut ive HIGH 
levels. The period and bandwidths for all generators in a data 
stream are th~ same. Hence, models representing transmitte:t ¥i~h 
the simple behavior need specify only the pulsewidth and delay for 
all pulses beyond that created by the first generator. The first 
generator spec must include at least TR, TF, PER, PW. Subsequent 
generators are assumed to have the same TR, TF, AMP, PER, and BW 
values unless otherwise specified. 

oevices characterized by edges with dual slopes require a pair of 
generators for each pulse. Bence, the dual slope case always 
requires an even number of generators. The rise and fall times of all 
odd numbered generators are equal to the rise and fall times of the 
~irst lenera tor , and :he r:se 3nd !al: t:mes of all even numoe=~a 
generators are equal to those of the second generator. 

FOCAS automaticlly sets default values for TR, TF, PER, AMP, 
and BW based on this information. If none of the input 
parameters except PW and DEL are defined for the second 
generator, the single slope case is assumed. Then, in a 
sequence of two or more generators, all with the same 
rise and fall times, bandwidths and amplitudes, one need 
only define PW and DEL for the second througn the last 
generators. In the absence of any other specification, 
FOCAS will automatically set the default values of TR, 
Tr, PER, and BW equal to the values assigned for the preceeding 
generator. If a new value is entered for one of the intermediate 
GEN sections, all subsequent GEN's will default to that v a lu e 
unless a new specification is defined later. The largest 
period (PER) of any of the GEN's will be assumed for all. 

When the first and second GEN's have unequal risetimes defined, 
rOCAS will assume that the dual slope case is intended. The 
parameters of all even numbered generators are set equal to 
their respective values for the second GEN. Similarly, odd 
numbered GEN's assume the parameter values of the first GEN. 

The optional TEE network in the transmitter is specified by: 

Ll - series inductance in nanohenries (de fault-O ) 
R - series resistance in ohms (default-O) 
Cl - shunt capacitance in nanofarads (default-O). 
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1. SINGLE SLOPE TRANSMITTERS 

-------------------------
f' ite number of comb inat ions o f LI, 

In general, there are an i~ l~fall times ( tr / tf ) that will give the 
Rl, C, and the qeneraftollr tri,e, ( TR/TF ) for the LED t r a nsmitter. 
desired 10- 90' rise/ a me 

Tables 1 and 2,on the next t wo pag e s , a r e p r ovide d to simplify 

the LED model setup. 

All entries in tnese Tables assume that Ll - 1S nanOhe~r~s and 
that C-O.04 nanofarads . FOCAS w~ l l NOT set these va ues 
automatically. They must be dde fflnedt rb~ ~h~fu~~rtheI~~~tn~~~~~: 
fo r al in the TEE network, an o r n 
ar e read from the Tables. 

I n order to approximate the basi c LEO edge s , the user must firlt 
determine the gene r al s hape of the r i s i ng and f alling edge. 
as shown on Figures 6a-£. Onc e the deci si on to use underda.ped 
(Fig . 6a , d,e ) critically damped . ( Fig . 6b), o r o v erdamped ( rig. 6c ) 
edg es ha s be e n ma d e . the user wlll define the desired 10-90' 
rise and fall times of ~~e jevic9. ~R lnd TF. ~o se:ecc tne prope~ 
input values for tr and tf from the Tables. 

Figures 6a-e illustrate h ow t he edge shapes may vary while the 
10-9 0, ' riset ime rema i ns the s ame. In all three cases, Ll-1S nh. 
C-0.04 nf, and the LED ou tpu t r isetime, TR, is on the order of 4.1nl . 
However , by changing t h e v a lues of Rl and tr. the shape. of the 
curves hav e been mod i fied . 

It should be noted that overshoot o r ringing behavior will 
generally be seen only on t he f astest edq. of the devic •. 
FO~ the LED's character i zed t o date , this 15 the rising edge. 
The slower ( fall i ng ) edge of a real device will behave as 
though i t were c r i t i ca lly damped. It is not possible to simulate 
thi s e xa ct be ha vior in FOCAS . Rather, the user ~ill select the 
TEE section parameters wh ich most nearly approximate the 
faster ( rising > edge . The fact that t h e f alling edge is slower 
will tend to compensate for th is diffe r ence so.ewhat (Fig. 6d ). 
This limitati on of FOCAS i s not very serious because experimental 
data have shown that the cable filte r s out moat of the detailed 
s tructure of the LED transit ion s . 

The entries in Tables land 2 co r re spond t o t h e LED 10-90\ 
times into the optical fiber. The le f tmoat column lists the 
value of generator 10-90 \ t i me ( t r/tt) to b e inputted into 
the simulat i on model to o bta i n the desiced value out of the LEO 
section. The top of each column i nd icat • • t he type of 
behavior ( under ~ over , or cr i t i cal l y da . ped) a nd the value 
of Rl or BW to be specified in t h e LED a odel. 

. . 
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SINGLE SLOPE LED SETUP PARAMETERS 

C - 0.0 4 

Rl - 48.7 3 
ovetdamped 

all CAses 

Rl - 38 .7 3 
c r i t i ca l l y damped 

----------------------1------------------------
0.1 
0 .2 
0 .3 
0.5 
0.6 
0.7 
0 . 9 
1.0 
1.1 
1.2 
1.3 
:.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2 . 0 
2 . 1 
2.2 
2.3 
2. 4 
2.5 
2.6 
2.7 
2.8 
2.9 
3.0 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
3.8 
3.9 
4.0 
4.2 
4 • 4 
4.5 

3.62 
3.62 
3.62 
3.64 
3.66 
3.67 
3.72 
3.75 
3.78 
3.82 
3.85 
3. 39 
3 . 93 
3.98 
4.02 
4.07 
4 . 12 
4 . 18 
4.2l 
4 . 27 
4.32 
4.37 
4.43 
4.48 
4.54 
4.60 
4.66 
4 . 72 
4.78 
4.84 
4.91 
4.97 
5.04 
5.10 
5 . 17 
5 . 24 
5.31 
5.38 
5.52 
5.66 
5.73 

TABLE 1. 

1 
1 
1 
1 
1 
1 
1 

I 
1 
1 

2.60 
2.61 
2.61 
2.64 
2.66 
2.6 8 
2.75 
2 .7 8 
2 .8 2 
2 . 86 
2.90 
2.~ S 
3.00 
3. 05 
3.10 
3.16 
3.22 
3.27 
3.34 
3 . 40 
3 . 46 
3.52 
3.59 
3.65 
3.72 
3 . 79 
3.86 
3.90 
4.00 
4.07 
4.15 
4.22 
4.30 
4.37 
4.45' 
4.53 
4 . 60 
4.68 
4.85 
5.01 
5 . 10 

LEO PARAMETERS FOR 1.7 < 
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Rl - 28.73 
underdamped 

1. 7S 
1. 76 
1. 77 
1. 80 
1. 82 
1. 85 
1. 93 
2.00 
2 . 02 
2.06 
2 . 12 
" '" 

2.22 
2.28 
2 . 34 
2.41 
2.47 
2.54 
2 . 60 
2.68 
2.75 
2.83 
2 . 90 
2 . 97 
3.05 
3.13 
3 . 21 
3.29 
3.37 
3.46 
3 . 54 
3.63 
3.71 
3.80 

' 3.89 
3.98 
4.07 
4.16 
4.34 
4.52 
4,61 

< 5.0 

. . 
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FAST LED SINGLE SLOPE SETUP p~ETERS 

no TEE, generator BW- O.S 
no ringing; RC type behavior 
Ll-15. C-0.04 

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

TEE with Rl-20. 
ringing 

Ll-15. C_0.04 

Bioi too low 
0.5 1. 35 

" 
, 1. 3i 0.74 

,., 
0.7 1. 40 0.85 

0.8 1. 44 0.95 

0.9 1. 48 1.04 

1.0 1. 52 1.14 

1.1 1. 56 1. 23 

1.2 1. 61 1. 30 

1.3 1. 66 1. 40 

1.4 1.72 1. 50 

1.5 1.77 1. 58 

1. 6- 1. 83 1.68 
!..8 9 :.- 5 

1.8 1. 96 1.87 

1.9 2.02 1.95 

2 .0 2.09 2.05 

2.1 2.15 2.14 
2.2 2.23 2.25 
2.3 2.30 2.34 
2.4 2 . 37 2.44 
2.5 20 45 2.54 
2 ; 6 2 . 53 2.64 
2.7 2.61 2.73 
2.8 2.70 2.83 
2 .9 2.78 2.93 
3.0 2.87 3.03 
3.1 2. 96 3.13 
3.2 3.05 3. 23 
3.3 3 . 14 3.33 
3.4 3.23 3.42 
3.5 3.32 3.52 
3 .6 3.42 3.62 
3.7 3.51 3.72 

TABLE 2. :~~:_~:SE LED SETUP PARAMETERS _________________ 1 • 4 ( (3 • 5 
------------------------

, . 
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Transmitter Example 1 - Use of Transmitter Par&meeer Tables 
----------------------------------------~------------------

suppose, for example, that one wishes to model an LEO with 
10-90\ rise and fall times of 1.8ns and 4.605, respectively. 
If the rising edge is observed to overshoot the saturation level 
when turning on, one would select an UNOEROAMPED CAse to 
represent the LEO. Next, it is necessary to determine which 
Table to use. A quick review will show. that the third column 
of Table 1 corresponds to underdamped responses with r ise/fall 
times from 1~75 to 4.605 for output. By selecting tr-O.Sns 
and tf-4.5ns from Table 1, ooe can create the LED transmitter 
modal given below: 

I SAMPLE LED TRANSMITTER MODEL - electronic behavior 
GEN PW-30 PER-50 TR-O.S TF-4.S 
TEE Ll-1S C-O.04 Rl-28.73 
.OUT Vl-O 
.END TX-SO DC-.S 

The outout waveform is shown in rieure 6a. 
• l' ~ d . 1 • h :a __ ~~q ~ ge , oec3use l: lS s _ower :nan =.a 

does not overshoot as much. 

~ote that. :!1e 
c:sinq edge , 

Transmitter Example 2 - AT,T LED with single slope edge 

Consider next, the experimental data shown for an 
AT&T LEO in rigure 7a. This LED 'has underdamped 10-90\ rise and 
fall times of 1.33 ns and 1.66 ns, repectively. In this instanc'e , 
Table 1 is inadequate to define the GEN and TEE parameters, so 
Table 2 must be consulted. According to the Table, Rl should be 
set equal to 20 ohms; tr - 0.5 ns; and tf - 1.3 ns: 

KODEL OF AT&T LED's ELECTRONIC RESPONSE 
I TR-l.3 TF-l.66 
GEN PW-40 PER-80 TR-O.S TF-l.3 
TEE Ll-1S C-O.04 Rl-20 . 
. OUT Vl-O . 
. END TX-80 DC-.S 

riqure 7b shows the FOCAS output for this model. 

The input parameters of the TEE network have not been 
set to default at Ll-ls and C-0.04 in order to allow 
additional flexibility to the user. If the waveform 
generated using the values recommended in Tables 1 and 2 
does not provide a satisfactory match to the desired 
LED behavior, one may implement the full TEE (see 
NETWORKS section ) , and try to obtain a better match by 
trial an error. 
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2. DUAL SLOPE TRANSMITTERS 
-----------------------
Setting up a simualtion model for a dual slope transmitter i s 
more complex than for a single slope device. Ten-to-ninety per 
cent rise and fall times do not convey enough information to 

specify dual sloped edges. 

Figures 8 & 9 i llustrate a si mple construction that can be 
used t o define the model for a device with this more complex 
edge characteristic. Figure 8a shows a typical step response 
of an LED with dual sloped edge transitions. In Figure 8b, 
the step response has been approximated by tangent lines. 
After the tangents ace constructed, one may read the values ot 
Al, A2, Rl, R2, Fl, F2, and Pl directly. Th.a. parameters are 
interpreted as follows: 

Al _ amplitude of first GEN 
A2 .. am91itude of sec o nd JE~ 
:\1 .. 0- 100\ rlset.lme of first. GE:-J. a ... so tne de_ay :>t : •• 1 

second GEN with respect to the starting ti.e of the 
first GEN. 

R2 .. 0-100\ rise time of second GEN 
Fl _ 0-100\ falltime of first GEN 
F2 _ 0-100\ fall time of second GEN 
p1 .. pulse width or s ingle bit time 

The transmitter model th~n takes the form of 
each group of consecutive logical HIGH's. 

two cascaded GEN'I tor 

IOUAL SLOPE OPTI CAL TRANSMITTER 
1 
GEN PW-P l 
GEN PW-P 2 

PER-per TR-rl 
TR-r2 TF-f2 

TF'-fl 
AMP-a2 

PlODEL TEMPLATE 

AMP-al SW-bw 
DEL-Rl 

The values in the model 1 are re ated to the by the following: measured values 

( 1 ) rl - 10-9 0\ risetime of first GEN -0.8 • Rl 

( 2 ) r2 - 10-90 \ risetime of .second GEN - 0.8 • R2 

( 3 ) p2 - ideal pulse width of second GEN - Pl -Rl 

( 4 ) fl - 10-9 0\ fall time of first GEN - 0.8 • Fl 

( 5 ) f2 - . 10-90\ fall time of second GEN - 0.8 • F2 

( 6 ) al - Al/( Al+A2 ) - normalized amplitude of first GEN 

( 7 ) a2 - A2/( Al+A2 ) .. normalized amplitude of second G£N' 

.. 
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Figure 9 shows how the superposition of these two GEN's 
produces the d.sired waveform. 

The next example shows how to apply this technique to a 
Sumitomo LED with slow ( dual sloped ) rising and falling 
edges. 

Transmitter Example 3 Sumitomo LEO dual slope edges 

Figure lOa shows the experimentally measured rising edge 
of a Sumitomo LED. Although there is no overshoot for this 
device, one notes that there is a slope change of the edge. 
Consequently, to simulate this LED, two GEN's will be r equired 
with different TR, TF, AMP, and starting points ( DEL ) . 

Figure lOb shows the experimental falling edge for the same 
device. 

Orawlng :3ngen~3 :~ :~e ~~r"es ~nd r~ading ~r om th e sca le 
1n the photo ( SO mv/ div vertical; SOOps/ div horizontal ) , 
one obtains the following characteristics: 

Rl - 1.5 ns R2 - 1.38 ns Fl - 1.8 ns F2 - 3.5 ns 

A1 - 220 mv A2 - 55 my. 

From the data shown. PI, the. pulse width cannot be determined. 
Hence it is sufficient to assume that PI is large enough that the 
rising and falling edges are independent of each other. For 
this example, we will let p1 be 40 ns and the period be 80 ns. 

Equat i ons ( 1 )- ( 1 ) g ive the f o llowing model parameters: 

r1 - 0.8 • 1.5 - 1.2 

f1 - 0.8 • 1.8 - 1.44 

a1 - 220/ 275 - 0.8 

r2 - 0 . 8 • 1.38 - 1.1 

f2 - 0.8 • 3 . 5 - 2 . 5 

a2 - 55/ 275 - 0 .2 

The simulation model for the Sumitomo LEO with step response 
as shown in Figure 10 is given by: 

SIMULATION OF DUAL SLOPE SUMITOMO LED 's ELECTRONIC RESPONSE 
GEN PW-40 PER-SO TR-1.2 TF-1.44 AMP-0.8 
GEN PW-40 TR-1.1 TF-2.5 DEL-1 . 5 AMP-0.2 

Figure 11 shows the simulated rising edge for this device . 
Note that the tangent approximation alone results in a model 
with sharp breaks in the curve ( Fig. 11a) . However, 
including the bandlimiting filter on the output of the 
GEN's smooths out the calculated curve (Figu re lIb ). 
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3. EXACT MODELS OF REAL DEVICES 
----------------------------

There may be occasions in which the approximate edge shapes 
obtained using the GEN and TEE functions are not sufficiently 
accurate. This is most likely to occur when one is doing 
noise and timing jitter budgets. The exact shap •• of both rilinq 
and falling edges of the source then become significant. 

In these cases, one may create a data file to model to help 
simulate the behavior of interest. This is accomplished 
oy dlgitizing the source output, ana p~aclnq etcher 
the time domain (type 2 ) DC frequency domain response ( type 1 ) 
into data file SOURCE.DTA. Data points must be specified at 
equal time (frequency) intervals . The number of data points, 
NT, in SOURCE.DTA must be a power of two and must be less than 
or equal to 2**13 (8192) . The first point corr •• pond. to ti •• 
zero (DC component in frequency domain). Time domain data il 
entered one point at a time in FORTRAN F20. 3 format. Part of 
one such file is shown below : 

. 
0.431 
0.454 
0.477 
0.500 
0.523 

. 
Frequency domain data is entered with the real 
part of each entry on a line in FORTRAN 2E16.2 
below: 

234.1,22.5 
15 . 7,9 . 14 
21.4,-34.7 

and iaaginary 
foraat as .hown 

To use the data stream specified i input for FOCAS, one uses the n SOURCE.DTA as the generator 
GEN . SRC tells FOCAS to read ~R~ network section instead of the 
data is the frequency or time de a i tiel SOURCE.DTA, whether the 
data points to read, and the ti~main repre •• ntation, howaany 
If necessary, SRC will also h e nterval between points ~pectrum of the input wavefor:

ve F(~CAS calculate the pove~ 
lnformation.) . .e S.ction IV-N for aore 

.. 
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8. RECEIVER MODELS 

The optical receivers can be represented either as bandpass 
filters or as AC couplers with gain. These two cases will be 
t rea ted separately. 

1. Bandpass Filte r 

A special BPF network subsection has been created to represent 
a trape~oidal bandpass filter. The freque ncy response of 
the bandpass filter is shown below as log P(w) vs. angular 

10 
frequency in octaves, where P(w) is proportional to optical power . 

-------------- (- - P ( AA ) - P ( 88 ) -l. 
. I I . 

? • 'II ~ - . - - - > ( - - P I ..... .:. - 1.3 
. I I • 

• I . . . . P(A ) -P (8)-l. E-S 

I I I I I I 
A ",1 AA 88 ",2 8 

In order to specify the trapezoidal bandpass filter, one 
must define the slopes of the rising and falling edges of 
the trapezoid, 51 and 52 in dB/octave. The slopes default 
to 6 dB/ octave. In addition, the frequencies fl and f2, 
( corresponding to wI and w2 above) at which the transfer 
function is at one - half peak, must be defined. An optional 
gain parameter, R, may also be specified. 

Phase shift is assumed to be a constant, PH, for w<wl, and 
constant at -PH for w>w2. For angul ar frequencies between 
wl and w2, the phase shift is linea r with angular frequency, 
crossing zero radians at the frequency midway between wI and w2. 
Pigures 14a and 14b show two different SPF models with identical 
transfer functions, but different phase shifts. If one specifies 
PH equal to zero radians, the degenerate case of no phase shift 
is encountered. 

Figures 12-14 illustrate the transfer functions for some typical 
bandpass filters. All of these transfer functions are 
obtained directly from FOCAS ( as described in section II 0 ). 
The curves are graphed as p e trequency ) vs. frequency, rath~r 
than log P(w ) vs. ' w(oc taves) as required to displ ay the linearity 

10 

. . 

.. ' 
• 
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this scale , the curvature of the 
of the trapezoid's edges. I~ In all cas •• , the lacqer 51 
edges is related to S1 andt~e'curves falloff to zero. 
and/ or 52 are, the faster 

10n of a bandpass fllter with 
Figure 12 shows the transfer fun~~ O MHz and 1 GHz. The slope. 
3 dB points {half amplit~d~ )tatbe 3 dB/ octave . consequently, 
of both edges are specif~e h c full bandpass region (AA) occurs 
the low frequency ed9~ 0 ft e ney edge of the full bandpass 
at 200 MHz, and the h~9h reque 
region ( B8 ) occurs at 0.5 GHz. 

f bandpass filter with ~h. Ieee 
Figure 13a shows the response 0 a d I. Note that 
half-power points"bUi w~~~t6t~:/~~;~V~e~t;r ~e9ion is wider for 
the steeper edge

b
, lmdPiYdth than for the 3 dB/octave cas •• 

same half-power an w 

13b d 13 c mpare responses typical of 
Figures an cOl MHz and r2 _ 200 KHz for 
optical receivers with F1 -
two different edge rates. 

, AC COU PLER ~!7H ~n:~ 

--------------------
An alternate r eceiver model is comprised of a limple 
AC coupler (SPF section ) followed by a voltage dependent 
vol~age generator ( EAKP , sectio~ ) with limited bandwidth 
and specif ied gain. ThI S sectIon will provide a pha.e .hift 
in addit i on to band-limiting characteristic.. However, it 
must be stressed that the timing jitter and noi ••• argin 
obtained are highly dependent upon the pha.e relationship 
introduced by using this model 

To get an idea how significant this effect can be, cons ider the 
resoonse of an optical receiver comprised of a high pass filte' 
with input capacitance of 0 . 2 nanofarads and shunt output 'est stance 
of one thousand ohms followed by a bandlimiting amplifie, with 
a gain of 1.585, to a repet itive 10110 10010 10101 10011 blt 
stream sent down a 3. 38 kilometer fiber optic cable. Figure IS. 
shows the data stream as it emerges from the receiver. Figur . ISb 
shows the EYE pattern obtained at the receiver output. Note 
that the maximum timing jitter for this ca.e is on the order of 
0.6 nanoseconds . The noise margin is approxi •• tely 56\. 

To test the Signal sensitivity to receiver changes and pha.e shift, 
the input capacitance of the high pass filter .ection is the r.duced 
to 0.05 nanofarads, while all other circuit para.eters are left 
u~chang!d. Figures 16a , 16b show how draaticalLy the output 
SIgnal 15 altered. From Figure 16a, it beco •• a clear that the 
distortion of , tt:re pUl'se shape for consecutive 81GB levela ha. 
increased. Slml~ar1y , the timing jitter, aa aeen 10 riqure 16b 
has more than trIpled to 2.2 nanoseconds, and the nois argln 
is reduc.e-d to roughly 44\. , • • 

- - . .. , 
, , • -. - , -

. . 
.' .. 
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In order to try to understand the difference in the behavior 
of these two receiver models, one compares the. amplitude and 
phase shift of the their transfer functions. Figure 17 shows that 
there is only a very slight difference in the magnitudes of the 
two receiver transfer functions. However, feom Figure 18, it 
becomes clear that there is a significant difference in the phase 
shifts introduced by the two receivers at low frequencies. 
This difference is responsible for the increased timing jitter 
observed. 

C. CABLE MODEL 

The fiber optic cable model used in FOCAS accounts f or 
chromatic dispersion; intermodal dispersion; fiber 
attenuation; and the mismatch between the minimum 
dispersion wavelength of the fiber and the maximum 
optical power wavelength of the source. It is assumed that 
the cable transfer function can be treated as the product 
of t:ans:e r : unctions du e t~ : ~e ind ivi dua l ef:~cts : 

18) Gt ot ( w.L ) . P ( w.L ) ~ Gc (w,L ) • G t w ) ~ Ga t v , 
LEO 1M 

( 9 ) Gtot(w,L) - cable transfer function at angular 
frequency w ahd wavelength L 

( 10 ) P (w,L) - optical source output power at 
LEO angular frequency wand wavelength L 

( 11 ) Gc(w.L) - fiber chromatic dispersion transfer 
function at angular frequency wand 
wavelength L 

I 12 ) G I w ) -
1M 

113 ) Ga l w) -

f iber in terMoaa l dispers ion transfe r 
function at angular frequency w 

fibee attenuation transfer funct ion 
at angular frequency w 

The fiber optic cable is modelled by a single network 
subsection, FIBER, which accounts for the characteristics 
of both the optical fiber and the optical source. 

The basic physical assumptions of the model are: 

1 . Sellmeier's equation is valid for describing the 
chromatic dispersion of the cable, i.e. the dispersion 
coefficient, 0 in ns / (nm-km) , is given by the equation: 

114 ) 0 - 1.176 • { SQRT 00·*2 + -~------------------
8 

. . 

} 
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..,he re one has: 

( 15 ) 

Lo _ minimum dispersion wave ienqth of the tiber 

Lc _ pe·ak power wavelength of the source 

So _ slope of the dispersion curve in ns/( n.·*2-k. ) 

FWHM . ' half max width of source spectral distribut ion 

So 1 Lc - Lo*"'4 I 
* I ------ I 

I Lc**3 I Do -
4 

2. Chromatic dispersion delays wavelength component L by 
an amount proportional to fiber length. 

( 16 ) T - O*X·*(L-LC} _ delay introduced to spectral 
c~moonent at wavelength ~ with 
respe<::. : .. : :'..: 

( 17) Ge ( w) _ exp { jw*T} _ phase shift introduced to spectral 
component at wavelenqth L with re,plct 
to a component at the central 
wavelength. Lc 

- exp { jw*O*X* (L-Lc )} 

3. The optical transmit ter power spectrum can b. approx i •• ttd 
by a Gaussian wavelength distribution. 

1 
( 1 a ) P ( w,L ) - exp { - ( L-Lc ) " 2/Z " 2j where 

LED Z 

( 19 ) z· F/ (2*sq r t(ln 2 ) J - standard deviat ion of the 
source spectrum 

F • width of the spectral source at half power in 
nanometers 

4. - The fiber attenuation is exponential with fiber length . 

( 20 ) 

( 21 ) 

Ga (w) - e~p { -K*A} - f iber transfer 
attenuation 

function due to 

A - fro + rw* ( L-Lc }] *x - fiber attenuation in dB 

.. 



.' 

(22) K - (In 10) /10 - 0 . 23cr6 - dB conversion factor 

co - DC optical power attenuatlp" of the fiber 
in dB/ km 
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rw - wavelength dependent optical power attenuation 
of the fiber in dB/( nm-km ) 

S. The intermodal dispersion of the fiber 1s described 
by a Gaussian distribution of effective optical path 
lengths, (Xeff - X··Om ) . 

(2 3 ) G (w) - exp( -(d**2 » 
1M 

where 

(2 4 ) d - (0.1325 * w * Xeft) / FI 

(25) Bm - PI / Xeff - modal bandwidth of the fiber in 
Gigahertz 

~: - cab:~ ~antiw:ot~ jue :0 in~e:~oca: jilpe r3:on 
1n GH ::- Itm 

Xeff _ X •• Qm - effective modal cable length 

x - f iber physical length in kilometers 

Om - intermodal length scale factor 

The electronic response of the optical cable is described by the 
integral of Gtot ( w,L) over all wavelengths: 

/ 00 
I 

( 26 ) Pe ( .... ' . I Gtot ( w,L ) dL 
I . 

/ -00 

_ exp( -a + b**2 - c·*2 - d.·2 -j (2bc ) } 

a - K*ro*X 

c - w*K'*F*O*X 

d - 0 . 1325*w* ( X**Qm )/FI 

K - (In 10) / 10 - 0.i3026 

K'- 1/ (4*sqrt(ln 2» ~ 0.30028 

Details on how the cable model is used are provided in 
.Section IV-D. of this report . 

. ' 
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D. POCAS' OUTPUTS 
-----....,-------

rOCAS p r ovides outpu·t in several formats for aaxiauA 
flexibility. It provides files which can by graphed 
directly on a REGIS terminal mere ly using the DeL 
"type" command. The s e files are denoted by the filetype 
extensions: .tg, .f9, or .pg after the slmualtlon .odel 
name . Xhe character "9" denotes a graphical file, and 
the characters "tn, "f", and "pH denote time, frequency , 
and phase respectively. For example, a simulation a odel 
in file fit. was used Co pcod~~e the time doma i n wav efo r a 
in Figure 2. The graph was obtained on a VT2 40 simply by 
typing! ty fit.tg after the $-prompt. 

If , for some reason, the user requ ire. the numerica l da t a 
from which waveforms are deri ved , he simply types one o f the 
the files with filetype extension: .td, .fd, or .pd 
The character "d" denotes that the file contains raw data 
data . "tn, "f" , and "pH retain their previous •• aning8 . In t he 
example above, the data used to generate the graph i n t iqure 2 
is display '!ci by t y ping the command : ':. 1 !i t. -:d :!~:. .: ,:!\e ~ - '''~.D': 
A 9a r t..:. al ~i:i t:~ ng o f : i t. .t:g l..S 91. ·"en .oe_ .ow. :he :;...3- n 
is t ime in nanoseconds; the second column is vol tage. Negat ive 
times correspond to time during the previous cycle of the bit 
pattern or waveform . 

-32. 000 
'- 31. 086 

-0.914 
0 . 000 

8.229 
9.143 

10 . 057 
,10 . 971 , 

0.000 
0.000 

1.000 
1.000 

0.659 
0.555 
0.450 
0.346 

• 

B~cause it is otten useful to ha b 
domain respons-es of: a network t ve doth the tiae and f requency 
provides both . Placing the 0 un erstand its behavio r fOCAS 
_a network sub.section te~ls Fo~1~t~ol stat •• ent .OUT af te ~ 
that point in . the circuit. The ti~e writ. the output 'Wav e lor. at 
modelxyz.t? anu ~o~elxyz.td are als do.ain repr •• en t a tiona, 
r un : If, 1n add1tlon, the user wano created whene v e r roCAS i s 
var1.OUS wavef_orms, he 'need .only i is the power spectra of the 
.FOG ( Fr~que ncy Data - , Graph) i nn~h~d e the c ontrol stat ••• nt: 

~_ simulation model . 5 1. 11arly, 
. . 

_.- - ... 



to obtain plots of the phase shift (in radians) 
(in Meqahertz), one includes the control line: 
Data' Graph) in the simulation model. 

1. TIME DOMAIN OUTPUT FILES 
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vs. frequency 
.PDG (Phase 

FOCAS provides three diffexent file types to represent time 
domain information. The .tg and .td files contain descriptions 
of the voltage as a function of time. When the .EYE option has 
been invoked (See Control statements section), these files contain 
the EYE pattern. To view the EYE pattern on a REGIS terminal, 
simply type: ty modelxyz.tg for simulation model named modelxyz. 
For devices which use a different graphics format, file modelxyz.td 
can be used to genecate a graph whose data points have horizontal 
co-ordinates listed 1n the first column of modelxyz.td, and 
corresponding vertical co-ordinates listed in the second column 
o f ~ode1xy:.td. 

The 1a&t time domain file is the MOOELXYZ.OAT file, which contains: 

i) the times of specified voltage level crossings of the 
output waveform(s) 

ii) times of the relative maxima and minima of the 
output waveform(s) 

iii) timing jitter observed at the two edges of the 
EYE pattern . 

Timing jitter is only computed when the EYE pattern output is 
specified. In addition , the threshhold voltage , vt, must be 
specified as the crossing level in the statement: .OUT Vl-Vt. 
Alternativel y, the wave form can be centered at zero volts, 
and the statement: .OUT Vl-O included to get proper timing 
jitter results. 

XODELXYZ.DAT is only created when at least one of the time domain 
outputs actually crosses the specified voltage level, or the DV 
option specified (i.e. locations of maxima and minima requested ) . 
If no crOSSings occur, or if no crossing or min/ max locations 
have been requested, no modelxyz.dat file is created. 

If the .OUT statement in model, fit., which created Figure 2, is 
changed to: .OUT VI-O V2-.S V3-2 then FOCAS generates 
file fit.dat as shown on the following page: 

. . 



- page 20 

Sty fit.dat 

CROSSOVER & EXTREMA TIMINGS FOR: fi t. 

T~KING ACCURACY IN NANOSECONDS -
0.156 

CROSSOVER TIMING IN NANOSECONDS, 

7 7 7 
NETWORK 2.000 
VOLTAGE 0.000 0.500 

0.000 
ui..LoAl (I . ('~I) Q nno 

54.219 9 . 623 0.000 
61. 094 15.999 0.000 

126.094 33. 621 0.000 

141.094 40.00 0 0.000 
0.000 49.623 0.000 
0.000 64.001 0 . 000 
0.000 73. 621 0.000 
0.000 80.000 0.000 
Q.OOO 89.523 0.000 
l . JOO 35 . ~99 J . OOO 
0 . 000 105.62 5 0 . 000 
0.000 112.002 0 . 000 
0.000 121. 627 0.000 
0.000 144. 001 0.000 

The network number indicates that the waveform is being 
analyzed after network subsection number 7. The vol tag. 
headings on the three columns i nd icate that the coluana give 
the times at which the waveform crosses 0 volt., O.S volta, and 
2.0 volt s respectively. The delay header in all thr •• coluans 
is tero because the waveform was not shifted in the . OUT 
statemen t (TO-O or unspecified ) . Crossing time. are only 
calculated over one peri od . As can be seen from rique. 2, 
the waveform c r o sses V-C .S fourteen ti mes during a sIngle 
period from zero to 160 nanose conds. 

This example also illustrates two more characteristic$ of the 
vo l tage crossing cQmputations. The waveform remains constant 
at zero approximately from 57 to 59 ns and again bet~een the tla •• 
of 126 and 139.6 ns. The end points of the constant value lntervals 
are given in fit . dat. Zeroes are used as place holders for the 
last ten positions in the v- O.O column. S1ailarly , the vav.tora 
of Figur e 2 never crosses the two volt level. Sence the entire 
v-2.0 column contains zeroes. 

Section III. of this report ( Control State •• nts ) provides detail, 
on the use of .OUT ~nd its various options. It also includ., an 
example of a .OAT fl1e ~ith both voltage crossings and vavefor. 
extrema locations~ 

.. 
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2. FREQUENCY DOMAIN OUTPUT FILES 

The power spectrum of the signal (i.e. the waveform observed 
with a spectrum analyzer) at any point in the network is 
readily obtained from the .f9 and .fd files. These tiles 
represent the complex magnitude of the frequency ·domain response 
of the network at the specified terminal pair. The power spectrum 
of a signal provides i nformation about the relative strengths of 
the various frequency components in the signal. To generate 
the power spectrum, one includes: .FOG in the simulation model. 

Figure 20 shows the power spectrum of the 10110 10010 10101 10011 
signal whose time domain reponse is shown in Figure 2. Figure 20 
represents the bit stream before it has gone through any other 
circuit elements. Yet it is already quite complex. The graph 
in Figure 20 was obtained by typing: type fit.fg after the 
$-prompt on a REGIS terminal. As in the case with the time 
domain data, fit.fd provides a tabular listing of the data 
used to produce the output graph. The first column in the .fd 
f i le represents frequency in Megahertz; the second ~ ~ lumn ~ 5 
:~e lmp : _ :~de l ~ :~e powe: ~ge= :: ~~. ncroa __ : ea :J :~e ~aqnl:uce 

of the strongest frequency component. 

Clearly, interpretting the power spectrum of a signal at an 
arbitrary point in a network excited by such a complex power 
spectrum can be difficult. Fortunately, one is usually more 
interested in the frequency response of a certain portion of 
the network. The transfer functiop, the power spectrum of the 
response to a stimulus which is a step function in the frequency 
domain. Is often used to characterize the bandwidths of individual 
circuit components. Figures 12-14 provide just such information 
about the bandpass filter that is used in modelling the optical 
receiver. 

I n order to generate the frequency domain step response wito 
rOCAS. one must define the proper time domain input . This is 
simply a delta-function in the time domain. However, because 
FOCAS assumes that all of its generators are periodic, one 
must approximate the delta-function as closely as possible. 
A GEN with very steep rise and fall times, and a very narr ow 
pulse width, which is several orders of magnitude less than 
its period, works quite well. This model will automatically 
require 32768 frequency terms unless the FF option is specified 
in the .FOG conteol line. 

INPUT FOR TRANSFER FUNCTION GENERATION 

R in GEN below must the the input 
impedance of the circuit being investigated 
to allow for maximum power transfer 

GEN TR-.05 PW-.0625 PER-l000 AMP-2 R-x 

, . 
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The captions under Figures 12 , 1 3 , and 17 illustrate how 
a model to compute transfer fu n ct ions is define d . The 
delta- function impulse is appl ied to the circuit, and t h e 
frequency domain response vi ewed . 

As an examp l e of the usefulness of this facil i ty, con s ide r 
the problem of determin i ng the effect tnat the difference betvetn 
the peak source waveleng t h, Lc. and the minimum d i spers ion "aveltngtl 
of the cable, Lo, has on the bandwidth of the o pt i ca l fiber. 
Models are run in which the fiber is driven by the de l ta- function 
impulse, with onl y t h e d i ffe rence between Lo and Lc changinq. 
~ne wl d~hs 0: t n& t ~n s feL fu~ ct i ons (power s pectrum at the 11U. l 
outpu t ) a re compare d at the 50\ po we r level . Figure 21 shows 
t wo such r uns . In the t op example wi th ( LO-LC) of 100 nanoMetl~ .. , 
the f i ber half-power bandwi dth is approx i mate l y 9011HZ. In 
the l ower example, with Lo and Lc equal, the ha l f - p ower bandwidth 
has d oubled to 18 0 MHz. 

When one is interested in the phase shift introduced by a 
part i cular circuit element a s well as its tran s fer f unction, 
the . pg and . pd f i les are u s ed. Aga i n the c ircuit element 
i s s ti mula ted wi t h a imoulse. The ::ont:-o: lt3 t !:1e~:. : ? O· 
.l.nvOK-es :ne fJnase s n!.::. ::a _cu':at.l. on. :iowe'/~t' on e ~o'" .":.'" I : ••• 
. pg file for a n o u tpu t graph of phase sh1ft in radians vs. 
frequency in mega h e rtz . Figure 1 8 s ho ws two such plot •. 

NOTE : As s een in this secti o n, FOCAS can gene,ate as many as 
sev e n ( .tg, . t d , . f g, .fd , .pg, _pd , and . d a t) files 
Con s equentl y , i t i s advi s eable to run FOCAS i n it ' s o~ 
subd i r8ctory ~nd/or t o regularly delete unwant e d output filel. 
Ot herwi s e , FOCAS rapi d l y becomes a dis k ea te r. 

3. TIMI NG JITTSR & ?SRCENT ~OISE MARGIN 

cal c ulat ion o f timing ' jitter and per cent i 
cont r o l l e d by t he .OUT c ont r ol state ment. n o s e margin are both 

In o rder t o c a lculate timing jitt 
and specify VI-Vt i n the single ~~T o~etmust r un an EYE pattern. 
threshold voltage. For convenie~ce s a eme n t . where Vt is the 
the waveform about t h e ze r o volt i one .ay start by c e nterinq 
to get a n es tima t e of the timin a~t~' then speci fy . OUT Vi - O, 
values, returned co rrespo nd t o t~ jt er. The tvo tiaing jitter 
The t i ming jitte r calculat i on i s · u~o edges of the EYE pattetn. 
i n troduced ( see d i scussion o n t9 lte sensitive t o phase shiftl 
accur t i f" op lca recatv d 1 a e spec l catlon o f t he t hreshhold er a o • s) and to In 

voltage (or center VOltl91 

Per cent 
v oltage 
i s mo s t 

no~ se marg i n, N, i s defined as 
s Wl ng t o the mi n imum v oltage ~he rlt io of the aaxiaua 
e a s ily i n te r pr e tt e d in terms !~ ~~ o f t h e wa ve fora. It 

• EYE pattern. Hoyever, 

. . 
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the computation of N is not restricted to those cases in 
which one requests an EYE pattern output. The drawing below 
illustrates the physical interpretation both N and timing 
jitter (TJ): 

IXX 
• 

• • 
• • • -

• • • • 
• • • • 

• • • • 
vt ----*--*------------------*--*-

I· I· • I· I • • • • 
ITJI • • • • ITJI 

• • • -• • 
• 

INN 

The percent noise margin, N, is defined as: 

N - (Vl/V2) • 100 

I 
I 
I 
Vi 
I 
I 
v 

I 
I 
I 
I 
I 
V2 
I 
I 
I 
I 
I 
v 

vl is the difference between the minimum of all the maxima ( INX ) 
and the maximum of all the minima (IXN): 

Vl - INX - IXN. 

V2 is the difference between the maximum of all the maxima (IXX ) , 
. and the minimum of all the minima (INN): 

v2 - !XX - INN. 

Although it is easier to interpret N with an EYE pattern, 
the calculation can be run wherever an extremum calculation 
is requested by specifying OV in the .OUT line. 

When EYE pattern output is specified, only TJ and N are 
displayed on the terminal screen. However, the .dat file 
contains all the crossover and extrema timings and the 
values of the extrema volta,}e s, as well -as TJ and N. 

Appendix 1 contains a sample calculation of TJ and N, 
showing the simulation model and .dat file generated. 

-. 
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E. ACCURACY 

uming valid models. is 
'The accuracy limit of rOCAS, assuenc terms computed, and 
determined by the number O£bf~~qth. ie.quaney and time domaina. 
hence by the resolution in 0 n at intervals of 2*PI/ PER. No 
Angular frequency terms are t;~;68 angular frequency terms are 
fewer than 256 nor more than hi h NF frequency terms are 
computed. In a SinimtUelravatilo~e~~e:n ~ime domain points is: 
calculated, the 

dT - PERINF 

i 9 the number of frequen cy tera. , 
To illus~rale Lhe effect of vary n rarily modified. 
the automatic NF setting in FOCAS was tempo ith 256 

i dix 1 was run twice, once w 
The model listed n Appen d with 1024 terms calculated. 
frequency terms calculated , an once 

Comparing the results of the numerical calculations gives: 

PERCENT NOIS E MARGI~S: 

256 terms 1024 teras 

NETWORK: 8 N - 80.4805\ 81. 0621\ 

NET",olORK : 9 N - 65.1786\ 65 . 888 \ 

NETWORK: 10 N - 65.1786\ 65.8887\ 

TIMING JITTER ACCURACY - 0.625 0.156 NS 

TIMING JITTER - 0.0417 0.0391 NS 
(at LED output) 0.0018 0.0123 NS 

Clearly, the noise margin calculation is quite insens i tive t o 
the value of NF. Noise margin is computed as the rat io of 
extrema voltages, which are all rounded to the nearest millivolt . 
Hence mino r point-by-point variations in magnitude are of no 
significance. 

Timing jitter, however, depends directly on the diffecences in 
threshhold crossing times at the two edges of the Ey'E pattern . 
The expected error in crossover points is +/ - one half the 
time increment. Because the timing jitter calculation involve. 
the difference between two crossover tia.a, tbe uncerta inty is 
equal to a full time increment, NF/PER. As a result , when large 
bit streams are used to de~ermine worst case ti.ing jitter, one 
must use more frequency pOlnts than for short atreaa of bits 
through the same physical system. If NP were not incceased. a 
long bit stteam (large PER ) could actually produce le •• accurate 
timing jitter calculations than a short data atreaa . 

. . 
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The equivalence of the timing jitter calculations for the two 
different NF values is obvious when this timing uncertainty is 
taken into account. The timing jitter values are actually: 

NF - 256, 

0.0417 +/ - 0.625 - 0.0 - 0.667 ns 
0.0018 +/ - 0.625 -0.0 - 0.626 ns 

NF - 1024, 

0.0191 +/ - 0.156 - 0.0 - 0.195 ns 
0.0123 +/ - 0.156 - 0.0 - 0.168 ns 

There is less uncertainty in the range of timing jitter values 
for the 1024 term case than for the 256 term case. Hence 
the results as calculated are more likely to be correct. 
FOCAS outputs the calculated timing jitter values, and the 
uncertainty in the calculation, in order to assist in 
interpretatton of the results. 

A Slmllar tlmlng discrepancy arises when crossovers and/ or extrema 
Are calculated. as shown below. The uncertainty in these 
time computations is one half the time increment (i .e. PER/{ 2*NF » . 
Differences in crossover timings are quite small as shown. 

CROSSOVER TIllING IN NANOSECONDS 256 frequency terms 

NETWORK 8 9 10 
VOLTAGE 0.000 0.000 0.000 
DELAY 0.000 0.000 0' .000 

11.171 11.184 10.625 
17.494 17.380 17.819 
35 . 1.0 35 . 186 34.611 
41.486 41.378 41.824 
51.170 51.168 50.608 
65 .528 65.519 65.908 
75 .1 70 75 .174 74.611 
81.486 81.378 81.824 
91.170 91.182 90.625 
97.494 97.380 97.819 

107.170 107.179 106.605 
113.488 113.372 113.814 
123.169 123.158 122.599 
145.528 145.519 145.908 

, . . 

, 

. , 
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NANOSECONDS 1024 frequency teras 
CROSSOVER TIMING IN 

Il 9 10 
NETWORK 0.000 
VOLTAGE 0.000 0.000 

0.000 
OELAY 0.000 0.000 

11.167 11.181 10.625 
17. 494 17.372 17.813 
35.165 35.176 34.609 
41.4;'0 ·41.392 41. 823 
51.167 51.163 50.608 
65.527 65.508 65.913 
75 .165 75.174 74.609 
81. 490 81.392 81. 823 
91.167 n . 181 90.625 
97.494 97.372 97.813 

107.178 107.188 106.602 
113.488 113.381 113.821 
123.171 123.160 122.604 
145.52' !45.5 08 1 ~ : . 9!'3 

The extrema locations Aga in depend on differencea betv •• n 
several consecuti v e points . In addition some •• oathing of 
the waveform is performed to eliminate identifying artifacts 
of t he numerical procedures as extrema. Conaequently the 
differences in extrema are more noticeable than 1n c~ •• ov.rl . 
In fact, the 256 term case failed to identify the ainiaua at 
61.563 ns which was found by the 1024 tet"a ca ••. Thi' lack il not 
of great concern as the min imum located at 59.688 na for the 256 
term case correctly picks the 'mimlmum magnitude of the region 
( Figure 23). 

MAXIMA AND MINIMA TIMING IN NANOSECONDS 

NETWORK 8 
OELAY 0.000 

NF • 256 NF • 1024 

MAXIMA MINIMA I'\A){IMA MINIMA 

5.625 14 .590 5.625 14.570 24 .688 38 . 594 
30.000 59.688 

23.203 38.568 

45.767 78.594 
29.688 58.041 

69.784 94.590 
45.859 61.563 

. 85 .767 110.598 
69.766 78.568 
85.859 94. 570 101. 779 '· 131.563 101 .7 97 

117,756 141. 875 110.599 
152.813 . 0.000 

117.734 130.078 
151.172 141.563 

, . 

. . 
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CONTROL STATEMENTS 

control statements are preceded by a period. They are: 

.END - Input terminating statement, must be present as last 
statement in input file. Has three optional 
variables: TX, DC, FS. 

TX sets the ho~izontal display full scale in 
nanoseconds. TX must be positive and defaults to 
the pulse repetition period. 

DC shifts the vertical display axis and all displayed 
waveforms by the defined voltage. DC does not alter 
the locations calculated for voltage crossings. 

FS sets the vertical voltage scale. FS defaults to 
two. The ordinate scale will show a maximum of 
+ / - 9.9 volts with one decimal place. The output 
gcapn!cs va ve !orm 1isp:ay de faults : 0 a ~ e::l:a_ !.~:3 
from zero volts to two volts . 

. EYE - Has the same function and variables as .END . 
In addition , .EYE generates a repeated eye pattern 
when TX is less than the gener.ator period, and 
invokes calculation of timing jitter at the edges 
of the EYE. TX should be set to an integral 
divisor of the bit time. 

An EYE pattern will only be calculated when a 
single waveform is to be displayed. If more than 
one . OUT statement appears in the s imulation 
mode l , FOCAS will display the error message, 
".* •• ONLY ONE OUTPUT ALLOWED rOR EYE **.*.", 
and stop. 

The .EYE statement simply folds the time axis 
back to zero time at the time interval specified 
by TX. This time resetting also applies to the 
MODELXYZ.DAT file. Hence the relative skew of cross
over timing is stored and easily interpreted. 

Display width is twice the width of the time interval 
and the display is centered. The parameter TO 
in the . OUT statement may be used to shift the eye 
pattern as described on the following page. 

In order to get the most information from the 
EYE pattern, the user must define a worst case 
pulse pattern, one which contains the highest and 
lowest frequencies of interest. It should ha ve 
ONE-ZERO-ONE at the maximum pulse rate, and 

.. 
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. f tnterest. It should have 
lowest frequenc1~~ °maximum pulse rate , and 
ONE-ZERO-ONE at e ZERO ___ ONE-ONE-ONE---
ONE_ONE-ONE---Z~ROfZ~~~-high and 10v .tat • • is luch 
wher. the lengt ~ of interest are wel l wi t hin 
that the feequane 8S the network. Usually I loy 
any band limiting of ne fourth the high.s t f requlncy 
frequency equallt/ob~t rate ) ia mor e t h a n adequate . 
(the pulse/ samp e f enerat i n g a good pul u 
APpendix

f
2 haths a4I1lb~~e~DD~r c~d' ( E6E6 E6E63E6E6E6E6) . 

pattern or e 

t 1 t file for the v oltage output vlvlfor! 
- Crea es a PO t OUT 
of the network it follow5. Up t o our. 
statements are allowed in a s i ngl e simulat i on 
model. If ,EYE is used ( 1 ••• and e y e pattern is 
requested) only one .OUT i a pecm i tted. The output 
files are: modelxyz.tg, modelxyz , t d, aodelxyz . tq , 
modelxyz.fd, modelxyz.pd, and lIlodelxyz.pg . A ttr·~el 
with a g raph i cs capability is r equired :0 dis911V •.. ( 

~ . ~ ' . es . t:.g, .:g , ana . PC; _ 1 - • 

• OUT has six opt iona l v ar iables: V1, V2, V3, TO. 
DC, and OV . 

If any or all of the Vi' s ar e specified , thl t ile 
l1.0DEL'iXZ.OAT is creat.ed ",hich conta i ns t h e c r Ollov,r 
timing for the specified o u tpu t at the voltagl' Vl. 
V2, or V3. A maximum of six. s uch specificat i on, 
are allowed per simulat i on , t he r est ar. igno Cld. 
The actual crossing times ar e calculated as .uainq 
that no shift in the wav e f o r ms or the vert ici l aais 
has been performed. Th e equal sign ( - ) ia r .quired 
in the specif ica t io n of the Vi's in . OUT. 

TO i s a delay i n nanosec o n d s which sh i ft s t he 
waveform and the crossover t ilDe calculat ion t o r the 
output to the left ( mi nus t ime ) . TO mUlt be politi .., 
and defaults to zero. A s h ift of the "'av e f o r . t o t h 
left by N nanoseconds is equ i va lent to • sh i tt t o t~ 
right by ( PER - N) nanos.cond • . S imilarly, if onl oJ 

to shift the wavtor. to the righ t ( t owa rd incrlaJinq 
time) by N nanoseconds, it i s nec •• s a ry •• rely 
to spec ify TO- ( PER-N ) i n the app r opriate .OUT 
statement. 

Figures 19 and 22 illustrate the us. of TO. 

In Figure 19a, the 50 \ po i nt of the le.ding edge 
of the output waveform Occurs at t i •• zero ( Itander l 
FOCAS default for the tille doma i n graphs ) It i l. 
often desireable to align the output graph wi t h t he 
wavef~rm be~inning to rise at t i • • z ero ( alan. wou 
norma y al~gn an oscilloscop. t r a c e ). In orde r to 

. . 
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to this, one must shift the waveform by an amount 
. equal to: 

( 27 ) TO - ( 
( 
( 

PER - O. 62S*TR1 if DELl -0 
or 

DEL - 0 . 62S*TR1 if DELl .ne. 

TRl - 10- 90% cisetime of 1st GE N 
DELl - delay of first GEN 

0 

NOTe: O.62S*TRl corresponds to one-hal! lh~ 0-100 \ 
cisetime of the ( first) GEN. Figure 22 is a simple 
illustration of right and left sh ifts using TO . 

The parameter, DC, shift·s the displayed waveform 
vertically by the an amount equal to the value of 
DC; the shift is for the waveform correspond ing 
to the paticualr .OUT statement, and doe s not 
change the vertical axis labeling . 

;sa ~! che oaraoetec ~c in eit~er :ne . JU~ ~r :~e .Z~D 3tdt~ment 

does NOT change the calculated locations of the voltage level 
crossings. FOCAS will compute the crossing locations as though the 
shift in the axis ( .END ) or in the waveform (.OUT) has not occurred . 
DC only acts the the graphical output. 

! SIMULATION Of' 4 
Bit pattern: 

GEN PW-B PER-160 
OEN PW-16 DEL-16 
GEN PW-B DEL-40 
GEN PW-B DEL-64 
GEN PW-B DEL-80 
GEN PW-8 DEL-96 
OEN PW-8 DEL-112 

DV is used to indicate that the times at 
which the output waveform achie ve s ' it 
relative extrema (minima and maxima ) are to 
be calculated and the results written into 
the .dat output file. One need only include 
DV on the .OUT line to find extremum locations. 
Figure 23 gives the output ~aveforms and . dat 
f11e for the model given below. 

Sb PATTERNS 
10110 10010 
TR-4.4 TF-7 

THRU 62 .5/125 CABLE 
10101 10011. repea ts 
dc--.S 

GEN PW-1 6 DEL-144 
TE E L1-1S C-0.04 Rl-38.73 
1 Led tr-S. n& tf-7.3 ns 
. OUT V1 -0 DC-2. dv 
FIBER X-3.38 50-.000 0909 LO-1349 
.OUT V1-0. DC-1 . dv 
bpf f1-1U f2-2 .1-6 .2-8 
.OUT v"1-0 dv 
.End TX-3 20 DC-1 PS-4 

PI-1.127 AO-.74 LC-1291 PW-1 26 
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CONTROL STATEMENTS (cont . ) 

.FOG _ Creates the frequency domain plots of the power 
spectrum (o r transfer function ) for the waveforms at 
every point in the simulation model at which .OUT 
is specified. Two files, modelxyz.fg and modelxyz .fd 
are created when .FDG is specified. The first file ( .f91 
is a REGIS file, which when typed on a REGIS deVice, 
graphs the power spectra (transf:r functi?ns ) directly. 
The second file (.fd) can be useu Clb \.lltf .Lu,",u l t o a 
graphics routine which interprets the first column 
of data as amplitudes and the second as frequencies 
(in Megahertz ) to generate the power spectra in s ome othH 
graphics format . 

• FDG has one optional variable: FF. If FF is 
specified after .FDG, it indicates that a fast run 
is requested, and the number of frequency terms 
calculated will autmatical ly be limited to 8192 
.,c :~ wec. :'h':'s :aci: ~ ':.· , ~s o::ar - :'-:u.!acl", 'U,.:":: 
y nen calculat ~ ~ g c:a ns~ ~ : ~~~ct _ ~ns. ~n:~n Jcu _j 
otherwise require the fu ll 32768 terms, and thus 
be quite time consuming to run . 

. PDG - Creates the phase shift plots of the power 
spectrum ( or transfer funct io n ) for the waveforml at 
every point in the simulation model at which OUT 
~s specified . . Two files, modelxYZ.P9 and lIodeixyz.Pd 
are, created when .POG 1s specified . The first file I P9) 
is ~ REGIS file, which when typed on a REGIS dev i ce , . 
graphs the p~ase shift vs, frequency directly. 
The s7cond tl1e ( .pd) can be used as the input to a 
graphlcs routine which interprets the ~ ir st column 
of data as phase shifts,in rad i ans, and the second 
c~lumn ~s frequencies (I n Megahertz ) to generate t he 
p ase sift graphs in SOlie other graphi cs foraat . 

-. 



NETWOU DESCRIPTIONS 
page 31 

--------------------
The networks are as follows: 

GtN - A trapezoidal waveform voltage generator 
SINE - A sinewave generator 
£AMP - Voltage dependent voltage generator 
IAftP Voltage dependent current generator 
TEE - The standard T circuit with series L and shunt C 
OELTA - Tha standard PI circuit with series L and shunt C 
LINE - A transmission line, skin effect for stripline 
FIBER - Fi ber optic cable dispersion model 
HP' - High Pass Filter 
XrORMER - Transformer 
rILTER - Cosine frequency domain filter 
SHUNT - Polynomial expression for a shunt impedance 
SERIES - Polynomial expression for a series impedance 
BPr Trapezoidal bandpass filter with qain 

uni ts are ohms, nanohenries, nanofarads, nanoseconds, gigahertz, 
~os. centimete r s (e ~ce9t as noted ) . Input format is similar t o t he 
:-CR':'?A:t : .Jr:. dec:::Ia":" ~Ol:1C.~ need not oe su pp l:.ed ':ot' · .. mole numD~:~ 

A. GEN Netvo rk 

--- I 

1 I 
V I 

I 
I I 
- - - I 

LPP 

I 
1--- 1\ 
I I \ -- R --0 
I I / -------0 

1- 1/ 
I 

The GEN il a periodic trapezoidal waveform generator followed 
by low pasl t i lter and a unity voltage gain buffer with an 
outpu t impedance equal to R. 

. '.' 

. . 
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AMP ---- . / -------\ / /-------\ 

. /\ / \ / V / \ _________ / 
DC --- ----/ ___________ _ 

------------o -------------------<---- PW---) 
<TR) <TF) 

<--------- PER --------) .<- DEL-) 

Parameters: 

PW - "ideal" pulse width or bit 
time between the decisions 
turn off 

time. Le. 
to turn on 

the 
and 

-

TR - 10-90 , risetime (leading edge) in nanosecond • . 
The 0-100 , risetime is computed to 
obtain the specified risetime with 
or ~ithout a sgeci~ ied bandwidth !~r 
che low pass :ilcer. 

TF - 10-90 \ fall time ( trailing edge ) in nanoseconds. 
The 0- 100 , risetime is computed to 
obtain the specified ri •• time with 
or without a specified bandwidth for 
the low pass filter. (default-TR) . 

PER - pulse repetition period in nanoseconds 

AMP - pulse amplitude in volts, defaults to one. 

DEL - pulse delay in nanoseconds, measured, from the 
leading edge. Defaults to zero . 

BW - filter bandwidth in gigahertz, defaults to 
SO divided by the riaetime . 

DC - DC voltage offset in volts, defaults to zero 

R - generator output resistance in ohms, defaults 
to zero. 

If several GEN sections a,re cascaded together to fora a data 
stream, FOCAS au,tomatically Sets some conditions to 81aplify 
user input. FPCAS compares the rise times of the fi rst tvo 
GEN · sectians. If they are not equal, and the second is 
nonzero, a,dual slope leading edge is assumed . If they are 
equal, or 1f the second risetime is not specified ( 1. e. 
i'nitially zero), ' a ,singly sloped leading edge is assuaed. 

.. , . 
" "'. " 

' .. 

--

.' 
rt 
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In all cases, only the first GEN need specify PER and BW. 
whenever any of the input parameters is missing feom a 
subsequlnt GEN specification, FOCAS automatically determines 
whether to use the single or dual slope model . For the 
51nql1 slope case, TR, TF, and AMP are all set to the val ues 
specified for the first GEN. For the dual slope case, all ' 
odd nuah.red GEN's ace assigned the TR, TF, and AMP values of 
the first GEN; all even numbered GEN's receive the values 
spec i fied by the use r for the second GEN. 

5imtl4rly, roCAS automatically checks if the first and last 
bi ts i n a per i odic data stream are one 's. If they are 
potent i ally overlapping one's, i.e., the optical transmitter 
does not have t i me to completely turn off before receiving another 
si gnal to turn on, FOCAS will combine the first and last GEN '5 
in such a manner as to preserve the data integrity without 
appac.ntly driving the transmitte r output beyond its maximum 
ley.l . 

'!'hl! user i s cautioned , howe ve t'" , 't !lat this c he cking only occu rs 
.=e':'<ll!en ::te ::':St 3nd ':' as::. :;EN seC::'lons. !t. lS assume d : ha t 
tn. USI' has IXlrci.ed c are 1n d ef i ning all interna l GEN sect10ns 
to el i.i natl the potential tor signals that ace "more on than on". 

N~TE: Using a non-zero R value does not allow access to the voltage 
glnera tor voltage with the .OUT statement, if this is 
dl.i rld use an external R. If an .OUT statement is pl'aced 
i n the ~idst of several GEN sections, without R specified, 
an arithmetic fault due to division by zero will occur. 
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B. SINE Network 

SINE is sinewave generator which in the frequency doma i n i s 
a delta function at the frequency fo. It has an output impedance 
R. In the time domain : 

F ( t ) - AMP * SIN ( 2 PI F t + PHI ) + DC 

Parameters: 

AMP - Peak sinewave amplitude, defau l ts to one. 

r - sinewave frequency in GBz, must be an exact 
multiple of the simulation reC i procal 

. period . 

DEL· de lay In nanoseconds, defau :5 to ze~~ . 
( PHI - -W • DEL ) 

DC - de voltage offset i n vo lts, defaults to zero. 

R - generator output resistanc e in ohms, defaults 
to zero. 

. . 

• 
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C .. TEE Network 
-----------

0----- R1 --- L1 -+---+- L2 --- R2 -----0 
I I 
I I 

C G (R) 

I I 0-----------------+---+-----------------0 
Parameters: 

Rl, R2 - ~eries resistances in ohms, default 
to zero . will have a skin effect 
component if Fl or F2 are specified 
respectively . 

Ll, L2 - series inductances in nanohenries. 
default to ze~o. will have an inter~a: 
_~C~C~3~ce =~moonenc :: f: ~r :: ar~ 
speclfied respectively. 

C - shunt capacitance in nanofarads. defaults 
to zero. 

G ( R) - shunt conductance in mhos, defaults to 
zero. Either G or R (in ohms) may be 
specified. If both are specified by 
mistake, the R value supersedes the 
G value. 

Fl, r2 _ The skin effect break frequencies in 
gi9anertz, defined as the frequency at 
~hich the skin effect res istance is 
equal to the de resistance. Skin effect 
resistance and internal inductance are 
assumed to be square-root frequency 
dependent. Oefault to infinity ( no 
skin effect ) . 

The skin effect mode l is: 
2 

Rae _ conductor resistance - Rl SQRT( 1. + (F/Fl) 

for conductor 1 ( RI,Ll) where F is the frequency. 

1/ 4 
) 

Xint _ intecnal conductor inductive react~nce - Rae - Rl 

for conductor 1. Appropriate substitutions are made for conductor 2 
(R2,L2 ) . 

, . 

. . , 
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D. FIBER Network 

A model of the dispersion in a fiber optic cable. The model 
assumes intermodel dispersion based on a gaussian distribution 
of path lengths and chromatic dispersion .based on a source 
with a gaussian spectral density and a linear material dispers ion 
coeficient for the cable. The fiber cable delay is not included . 

222 
- a + b - c - d - j 2 b c 

Pt w ) - e 
Qc 

a - K Ao X - Static attenuation term 
Qc 

b - K K' . Aw FWHM X 
Qc 

c - w K' FWHM D X 

- Wavelength dependent attenuat ion 

- wavelength dependent time delay 
Qm 

d • 0.1325 w X I FI - Intermodal dispersion 

K ,. ::1 ( 10' 1'10 

K' • 1 . /( 4 SQRT ( ln 2 )) 

Parameters: 

',' 

Ao - DC optical power attenuation of cable in 
db per kilometer (Km) . Defaults to zero. 

Aw - waveleqgth dependent optical power attenuat ion 
in db per nanometer-kilometer . Defaults 
to zero. Note that Aw is positive when 
attenuation increases with wavelengt h. 

FWHM - o~~ical SOUTce half power full bandwidth 
1n nanome te ~s. Defaults to =e ro. 

LC • 

LO • 

so • 

optic~ l s ource center wavelength in nanoa!t! rl 
used 1n calculating D when LC specified with 
LO and so 

cable.minimum disperSion wavelength in nm.; 
used . 1 ~ calculating 0 When LC LO and so 
spec1f1ed ' 

slope of cable dispers~on curve at LO in 
~:~~s~conds per ( nanometer*2 )-kiloaeter; 

. n calculating 0 when so LC and LO 
speclfied ' , 

FI - cab~~s~:~~r~~thDi~ GH1Z-km due to interaodal 
. e au ts to infinity. 

X • cable leng~h in K D' m. e~aults to zero . 

. , 
, 
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FIBER NETWORK (cont.) 
---------------------

o - ( SQRT 

Om - Intermodal length scale factor (default-l) 

O~ - Chromatic length scale factor (default-I) 

o - fiber material dispersion coefficient in 
nanoseconds per nanometer-kilometer; 
calculated as below; If 0 is not specified, 
FOCAS automatically calculates 0 fr o m the 
input value·s Le, LO, SO using the following 
equations: 

(0.85 x so x FWHK)**2 
00··2 + ----------------------- ) *1.176 

8 

Do - ( LC - ----- Sellmeir's Equation 
4 LC·*3 

- '. 
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E. HPr Network 

A high pass filter or ac coupler. 

0----- C ------+-----0 
1 
G (R) 

1 
L 
I-

0--------------+-----0 
Parameters: 

C _ capacitance in nanofarad, must be present. 

G - shunt conductance in mhos, either G or R 
must be spec ified . 

a "" snunc =~s:scance !.!l .,nms, ~ ;1::!Ser::. 
overrides an input G value and G - i / R. 

L - shunt inductance in nanohenries, detaults 
to zero. 

-. 

'+ 
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F. !AMP N.t .... ork 

~p is a voltage dependent vOltage generator with a specified 
bandwidth and output resistance. 

------ R ---0 
0--- I 
+ + 
Ei £ - GAIN X £i 

I 0-------+-----------0 
Parameters: 

GAIN - voltage g4in, defaults to one 
BW - filter bandwidth in gigahertz, defaults to 

50 divided by the minimum risetime. 
R - generator out?ut resistance in ohms. defaults 

:0 :e:.:' , 

The filter does not change the infinite input impedance of lAMP 
and has the low pass filter frequency domain response: 

1 
F(w) - -----------------

1 + j w/( 2 PI aw) 

NOTE: Using a non-zero R value does not allow aocess to the voltage 
E with the .OUT statement, if this is desired use an 
external R . 

• 

'. 

, , 

", 

, 

". 



-, 

'. 
, 

'.', . 
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G. lAMP Ne·twot:k 

lAMP is a voltage dependent current generator with a s pec i f i ed 
bandwidth and output conduc tance . 

0-- -
+ 
Ei 

________________ + __ 0 

I I 
I 

I - GAI N X 'Ei G ( R ) 

I 
I I 

0-------+-------- ---- ---+-- 0 

Parameters: 

GAIN _ cur re nt gain in mhos, defaults t o one 
ew _ fil ter bandwidth in gigahertz, de f au l t s t o 

50 divide d by the minimum ri se ti~e. 
G _ ~ene racvr ~utput ~~nduc~3nce ~~ ~hos ~e:3C_-~ 

t o zer o . 
R _ optional output res i sta nce in ohms, if present 

G _ l / R; ov e rr iding a n input G value. 

The filter doe s not change the i nf inite input impedance of t AMP 
and ha s the low pas s filt e r frequency doma i n response : 

1 . 

, " 

. ' . 

F(w) - -----------------

.. 

" .. 

, 

' . . . 

: 

. " 

• <,'~ •• , ", 

1 + j w/( 2 PI BW ) 

; 

.. 
.. ' , 

., ,. 
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----------------0------- ( ) zo )--------0 
----------------

I 0----------------+----------------0 
<------- X ------> 

Parameters: 

ZO - characteristic imped'ance in ohms 
TO - propagation delay in nanoseconds per unit X 
X - line length 
R - series line resistance in ohms per unit x. 

Defaults to zero. 
TC - stripline conductor thickness in cm, used to 

calculate skin effect. Defaults to zero; no 
akin effect . 

WC - stripline conductor width in em, this optional 
parameter will calculate ~ in ohms/c~ . !f 
?cesent, ~1:! over-r lde an input 'lalue fo: R, 
Skin effect assumes WC»TC and a symmetric 
stripline. 

a - relative conductor resistivity compared to 
copper. Defaults to one. 

o - dielectric loss tangent, assumed to be 
independent of freque,ncy, i. e., the real 
part of the shunt impedance has the same 
frequency dependence as the imaginary part 
(capacitive reactance). 

FI, r2, F3, Xl, K2 - generate a variation in line 
capacitance as a function of frequency. 
Default to zero. 

Conductor loss.s will not be calculated if both Rand WC are zero 
Or absent. 

The frequency variable capacitance is A piece-wise linear model 
with 109 frequency as follows: 

The value of lIne C is computed from the input values for 
ZO and TO, and the capaci tance pe r uni t length 15: 

p < '1, c 

Fl<r<r2, c • ( 1 + A 1n(F/ F1 ) 

P2 < , C • (1 + A 1n(F2/ F1) + B 1nlr/ F2 ) ) 

Where A _ KI / ln ( F2/ FI), xl is the fractional change 
in capacitance from Fl to FZ 

B _ .2 / 1n(F3/ r2 ) , K2 is the fractional change 
in capacitance from F2 to F3 

-. 
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K. SERIES Network 

Prov ides a series impedanee expressed as a polynomial: 

234 
AO + Al*S + A2*S + A3*S +A4*S 

Z - K --------------------------------< 3 4 
80 + 81*5 + 82*5 + 83*5 +B4~S 

Where: S - j Wi the complex radian feequlncy 

Units must be consistent, and a scaling in the trequ.ncy 
domain will scale in the output time domain. 

To avoid dividing by zero, the rea l pact o f t h e 

is not allowed (by the progra m) to be I ••• than 
In addition, if none of the 8 1's are specified, 
80 is set equal to one . 

nume rator 
-16 

10 
then 

Input parameters are: AO, .AI , A2, A3 , A4 , 80. 81, 
82, 83, 84, "and K. 

AO, AI, A2, A3, A4~ 80, Bl, 82, 83 , and 84 aa the 
coefficients descrlbed above. Each defaults to 
zero (wi th the exception of 80 as described a bove 

K - scaling parameter, defaults to 1 

EXAMPLE: 

0---- R -- L -- C ----0 

o~---------------_____ o 
Z - R + S-L + l /( s.C ) 

AO - 1 
A1 - RC 
A2 - LC 
81 - C 

, . 
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L. DELTA Network 
-------------

0--+----+------ R L -------+---+--0 
I I I I 
I +-------- RP ----------+ I 
I I I 

Cl Gl (Rl) C2 G2 (R2) 

I I I I 0--+----+----------------------+---+----0 
Parameters: 

R - series resistance in ohms, defaults to zero . 

L - series inductance in nenohenries, defaults 
to zero. 

RP - 94ra11 __ 1 se r ies r~sisc3nc9 in ?hms. 1e fa~!~5 
:0 lnfinicy . 

Cl. C2 - shunt capacitances in nanofarads, default 
to zero. 

al ( Rl ) , G2, ( R2) - shunt conductances in mhos , 
default to zero. Either G or R ( in ohms ) 
may be specified. If both are specified by 
mistake, the R value supersedes the 
e valu" •. 
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M. 8PT Network 

spr is a bandpass 
is trapezoidal in 

fre uency response whi ch 
filter model with 41 r ~r.quency ( v ) i n oc tavu. log pew) vs. angu a 

10 

The bandpass region is shown below: 

. --------------. <- - P ( AA ) - P ( 88 ) -1. 

. I I . 

<- - P ( ...,2 ) -0 .5 P ( ...,l) - .5 - - > 
. I I . 

I I . . . . . . P ( A ) -P (8 ) - 1.E-S 
I I I I I I 
A w1 AA 88 ...,2 8 

- c ~ :cn ~F ·~~quenc~ ~s ! :on5:3n: ?~ ~he ;>hase shift a~ a : un...... .; -~ - .., I and .",]. :.h e pnase sn _=:: 
~o, ~< wl an~ - ?H tor W>W2 ' a :e~ e~~'at-th e midpoint between wi is linear wlth frequency, n 
and w2: 

PH *" * * 

• 

I 
w1 

• 
" • ". - PH 

I 
w2 

Input parameters are: 

Fl -

F2 -

frequency in Gigaher t z at the low frequency 3 dB 
point of the trapez o id (co rr esponding to wi ) 

frequency in Gigahertz at the hi gh frequency 3 dB 
point of the trapezoid ( corr.sponding to w2) 

51 • slope of the low frequency edge of the t r a pezoid 
in dB/ octave (default _ 6 dB/ octave ) 

52 · · slope of the high frequency edg. o f t he trapezoid 
in dB/ octave ( default _ 6 dB/ nctava ) 

K - gain ( default _ l. ) 

PH - constant phase shift for frequ e nc ies les s than or 
equal to wl , and the negat i ve of the phas. shift 
for frequencies greater than or equ a l to w2 

-. 
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N. SRC Network 

SRC is not a true network section in the sense "that it 
.odels c ircuit behavior. Rather, it provides the interface 
between rOCAs, and the user defined file, SOURCE.OTA 
which contains a digitized input data stream of interest. 
The purpose of providing this interface is to allow the user 
to investigate complex edge behavior ( turnon and turnoff 
rln9i09) of real optical spurees. 

SOURCE . OTA may contain either the time or frequency domain 
representation of the input waveform. The number of points, 
NT, in SOOURCE.DTA must be a power of 2, less than or equal 
to 8192. ror time domain data, the input format is 
PORTRAN F20.3. For frequency domain data. it is FORTRAN 
2£16.2. (5 •••• ction II-A-3 for examples. ) 

In addition to requiring that a data file named SOURCE.OTA 
be in the directory, the explicit input parameters are: 

NT • number of points in SOURCE .DTA; must be a 
power of two, less than or equal to 8192 

DT - time interval between consecutive data points ( ns ) 
in SOURCE.DTA or used to generate the frequency 
domain representation in SOURCE.DTA 

PER _ perjod of waveform in ns 
. . 

TYPE _ 1 if SOURCE.DTA contains frequency domain representati o n 
2 if SOURCE.DTA contains time domain representation 

~ • aour~~ ~u~put res ls ta nCe i n o hms , defau l :s to ~e ro 
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V. RUNNING FOCAS 

A. INSTALLATION 

FOCAS may be installed on any system on which FORTRAN is 
available. The two fortran programs: FOCAS.FOR and FFT842 .FOR 
a re required. FOCAS.FOR contains the main FOCAS program and all of 
its subrout i nes and f unctions except FFT842.FOR, the fast Fourier 
transform subroutine. These two programs Are maintained separately 
~u ~Q"CI .. i: CO"'iJ .i.: ... i...iun time after frequent FOCAS. to" . ttIUlOllc"aelitl . 

FFT842 . FOR is quite scable. The 20,OOO-page paqe f~le quota 
is required for Installation. Once the two fortran files are 
loaded on the system, one may get started by typing the commands: 

$ FOR FOCAS,FFT842 
$ LINK rOCAS,FFT842. 

If a VT24X, or other REGIS display device is used, no other routine. 
a re required to view graphs of the output waveforms. For a .icroVaJ 
display r VR26 0 ) the :H"ogram C!RC:JIT_Gi\A?H. ::OR 9 r ov~d e s 'J:S ~:l9h :' · s 
SU9PO C:. ::~C~!T_uaAPH.;OR muse a_3o 0 8 c~mp l : aQ ~na __ nKec 
before ic can be run: 

$ rOR CIRCUIT GRAPH 
$ LINK CIRCUIT GRAPH. 

Other types of graphics display devices will requ ire their ovn 
graphing routines to work on the output files: modelxyz.td and 
modelxyz,.fd, These two files, created by ,rOCAS, contain the data 
for the time and frequency domain outputs, re~pectively . 

B. JOB SUBMISSION 

1 . Interactive Mode: 

Before FOCAS can be run, the user must ~reate a file 
containing the simulation model. The tilename can be from 
one to thirty-one alphanumeric characters long followed by a 
period (.): modelxyz. To tun the Simulation, one then types: 

$ RUN FOCAS 

The program will 
input file n a me, ~:sp?nd with a header and a prompt for the 

qUlring the name, with the period included: 

Fiber Opti~ CAble Simulator FOCAS 
Revislon 10 OCTOBER 1986 

Enter the input file name: modelxyz. 

. . 



If the period (.) is not included in the filename, the 
error a,ssage: \rOR-f'-rILNOTFOU, file not found 
will be printed out and execution of FOCAS stopped. To 
rutart, type RUN FOCAS and respond with the filename 
including the period. ' 
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As modelxyz. is being read in, it is also printed out on the 
display. Once the model has been read into memory, a message 
indicating the number of frequency terms that will be required 
is printed. Run time depends on the number of frequency 
terms, between 256 and 32,768 in powers of two, and the number 
of network sections in the model. 

Busy .essIges are printed out at least everyone to two minutes 
for largl simulations to let the user know how well the s.imualtion 
is progressing. 

When the simulation ia complete, the bell on the terminal 
sounds, and a FORTRAN STOP message is displayed. 

:he l!Mu:at!On lU~~ma~! Ca::1 genera~~s the o u~~u~ ;ra~n: c s 
and data tlles named to correspond to the input model 
nea. and the tile.' re.pecti ve contents: 

aodelxyz.tg - time domain REGIS graph 
aodelxyz.td - time domain data file 
aodelxyz.fg - trequency domain REGIS graph 
modelxyz.fd - frequency domain data file 

unlesl and EYE Pattern has been requested. 
is requelted, the frequency domain results 

When an EYE pattern 
are surpressed: 

In Appendlx 2, the simulation model e63e6. is run with 
~y~ pattern output requested . fOCAS first reads and pr ints t~e 
mode, then types a message indicating that the frequency domain 
response tiles will not be generated because of the EYE 
pattern output specification. 

Next a meslage indicating that 1024 frequency terms are 
required i. printed out. The purpose of this message is 
to allow the interactive user to gauge the total run time 
required and progre.s through the simulation. Each of the 
frequency teras il required for each of the twentY7 nine 
circuit slction. in U\e model. Consequently, one ,should 
anticipate so.e delay prior to completion of the jc:>b . . 

The aelsage. -FOCAS IS ALIVE' WELL ... freq. term: nnn" 
indicate progress through the compute intensive portion" of 
the siaulation. 

In .oae instances the total number of frequency terms computed 
will be leiS than' the Dumber that were required. This may 
occur if a potential overflow condition is detected. In s~ch 

.. 
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. 11 . but the timing uncerta i nty 
cases, the job term1nates ~~rm~ew~~ frequency terms computed . 
will be higher because of . e ill be printed: 
The following warning message w ••• 

*** WARNING - reduced accuracy 

28 f ency terms are c omputed betore 
If, however, fewer than 1 h rejq~ will terminate wi t h the 
encountering an overflow, teo 
message: NOT ENOUGH TERMS TO USE RESULTS . 

Finally results of the voltage crossing calculat~on a nd ~he 
FORTRAN' STOP message indicate normal complet ion 0 t he jo . 
~, i qhtly Dlnre f1ve minutes of CPU time were r.qu • .... 1'4 t o en '" 
this job. 

To view the output graphs on 
one types the command: type 

type 

a REGIS termi na l 
modelxyz.td 
or 

modelxyz.tg 

( e . g . VT2 4 0 I • 

for the time domain and frequency domain respon s e s re l pectively . 
If a printer is attached to the terminal , a hardcopy of the 
displayed graph i s obta ined by pressing t he "Shi! ~" and "::w 
ke y s simu!cane ousl y . :'he examp l ~ s ;l'J'~n a::. ::.ne !nc ~f ::l!S 
manua l d i scuss how to s c a l e the q raphs and provlde sample OUtputs. 

2. BATCH JOB SUBMISSION 
--------------------

For large FOCAS simulations , i t wi l l g e nerally be des i rabl e to 
submit batch jobs and be notified of their c o . p le t ion . In 
qeneral, if more ,than ten to fifteen netwoC' k subs. c tionl are 
used, and 512 or more frequency terms requ i C'ed, it i. advisabl e 
to run the simulation in batch mode . Th is fC'. e. t he uler t o do 
other work while awaiting analYSis resul t s. 

In ocdec t o submit a ba t ch job , two .com fi l es a. r e requiC'!!d. 
The first , f ocas .com, i s si mply t h e command to SUDmlt the 
batch job and notify the user whe n i t i s comp leted: 

focas.com 

$submit focas_batch/ log_file-(user . subdirecto rY ) f oca s.lo9/ no tify/ nopri 

The second file, focas_batch.com, contains the spe ci f i c ation 
for the simulation model ~o be run , and fpC' the u l er t o be 

$ 1 
$ 1 
$ 1 
$1 

notified by electronic mall when the job i s co_pleted. 

focas batch. com 

. com f ,ile 
Note ': foC' SU?m'ittin1 modelxyz. as a batch POCAS job 

all flle~p7c S MUST contain the full f il e 
specificatlon, including disk id . and di r ectory 

$run disk·:(user:subdirect6rY l focas.exe 
disk:(user.subdlrectoryl mOdelxyz. 
Smail /sub-"~OCAS ,mod~lxyi. completed " . 

~l~ nodenaae: : us ernase 

- . . . 

, . 
.;. 
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Focas batch. com must be editted to reflect the new model name 
every-tilDe a new batch job is to be .submitted. Themail message 
assures that the user will be notified of the completion of the 
batch job even if he has logged off the system. In addition, 
the file, [user,subdirectorylfocas.log contains all the outputs 
that are normally written to the screen during an interactive FOCAS 
run. 

,. 

• 
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VI • EXAMPLES 

11 

In this example a fiber optic cable is driven with a 
10110 10010 10101 10011 pattern repeated at a 160 ns interval. 
The generator 4.4 ns rise and 7.0 ns fall times are critically 
dam ed b a TEE as described in Table 1, resulting in the optical 
tra~smitier having a 10-90% rise t ime of 5 ns and a 10-90\ tall 
of 7.3 ns . The optical source has a spectral bandwidth of 
!~€ ~ancmeters, centered at 1291 nanOm& ~bt~. 

The 3.38 kilometer fiber optic cable a minimum dispersion wavelength 
of 1349 nanometers, attenuati on of 0.74 db/k m, and an 
intermodal dispersion of 1.127 Ghz-km. The slope ot the 
cable's dispersion curve at 1349 nanometers is 9.09 • 10-5 
ns/( nm*2)-km. These characteris tics are typical of the 62.5/ 125 
cable tested in the lab. 

The fiber output is ac coupled in to a receiver amplifier which 
makes up f o r !iber losses and ~hich has a bandwidth ,f : ~ ~H-

Thr ee waveforms ( Figure 26) are graphed: the optlcal tran&lIlttH 
output, the fiber ou tpu t , and the bandwidth limiting £Al'IP output. 
The output graphics vertical display has a magnitude of four 
volts, as speCified in the .END statement by the parametee F5. 
The value DC-l · in the .END s tatement indicates that the vertlcal 
di splay is shifted down by 1 volt, to begin at -1.0 volts. 
Hence the vertical display extends from -1.0 volt to +3 .0 volts. 
The horizontal full scale displacement is 320 nanoleconds, as ' 
specified by TX in the . END statement. The output of the optical 
source has been displaced by 1.9 v'olts to perllit easier vi.ving. 
Slmi la rly , the output of the cable has been displaced by 1 volt. 
FS was chosen to acc omoda te the full ranqe of values feo. -1.0 
volts t o che displaced peaks of the t:ansmitte: output. 

!SIMULATION OF 4 
Bit pattern: 

GEN PW- 8 PER-160 
GEN PW-16 DEL-16 
GEN PW-8 DEL-40 
GEN PW-8 DEL-64 

' GEN PW-8 DEL-80 
GEN PW-8 DEL-96 
GEN PW-8 DEL-112 
GEN PW-16 DEL-144 

5b PATTERNS 
1 0110 10010 
TR-4.4 TF-7 

TEE Ll-15 C-0.04 Rl-38.73 
Led tr-S. ns tf-7.3 

.OUT Vl-O DC-l.9 
ns 

THRU 62.5/ 125 CABLE 
10101 10011, repeats 

FIBER X-3.38 50-.0000909 
.OUT Vl-O. DC-l. 
HPF C-.l R-1000 

LO-1349 FI-1.l27 AO- .74 LC-129 1 FW- 126 

£AMP GAIN-l.S8S BW- .2 
. OUT Vl_ 0 
. END TX-32 0 DC-l FS-4 

!Receiver bandwidth _ 200 Mhz 

.. 
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12 USE or .EYE STATEMENT TO GENERATE EYE PATTERN 
---------------------------------------------

In this example, the same physical situation is run as i n 
.xa_ple 1. A 20 bit pattern is repeated at 160 ns intervals 
and propagated along a fiber optic cable. Note that the .END 
state.ent has been replaced by the .EYE statement to create 
the Eye Pattern output. In addition, only one .OUT statement 
uy be. present when EYE pattern output is requested _ The frequenc y 
do~a i n calcu l a tion is also surpressed. 

The pacemetec, TX in the .EYE statement controls the time scale 
of the graph. It is generally most useful to set TX equal to 
a single bit time. Bowever, by reducing TX . o ne may increa se 
the resolution along the t i me scale if necessary. Care should 
be taken to assure that TX is an integral divisor of the 
bit ti .. e. 

The va l ue of FS i s reduced to increase vertical resoluti on . 
:'~;'l ~S ;lOSS!.::'':'!! :Jecaue onl1 'Jne ,.,ave:IJr:n , . .,,::;, '! :nagnl:.:.:ce 
:ess than one l S be i ng graphed . 

I SI ftULATION OF 4 
Bit pattern: 

GEN pW-S PER-160 
GEN PW- 16 DEL-16 
GEN pW- S DEL- 40 
GEN pW-S DEL-64 
GEN PW-S DEL- SO 
GEN pW-S DEL-96 
GEN PW-S DEL-11 2 
GEN PW-16 DEL-144 

5b PATTERNS 
10110 10010 
TR-4.4 TF-7 

TE E Ll - 15 C- 0 . 04 Ri - JS . 3 
ns 

THRU 62.5/ 125 CABLE 
10101 10011. repeats 

Led cr - 5 . ns cf - 7.3 
FIBER X-J. 3S SO- :0000 909 
HPr C-.2 R-1000 

LO-1349 FI-l . 127 AO-.74 LC-1291 FW-126 

EAlIP GAIN-l. 5S5 8W-. 2 
.OUT Vl - 0 
• EYE TX-S DC-. 5 r5-l 

!Receiver bandwidth - 200 Mhz 

Th i~ .ode! produces the EYE pattern shown in Figure 27. 
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APPENDIX 1 - TIMING JITTER AN D PERCENT NOISE MARGI N 
---------------------------------------------------

The following simulation model reque s t s an EYE pa ttern 
output. Only the third .OUT stateme nt will be p rocessed. 
The first two are prec •• ded b¥ "!" and will be ignored. 

In addition, the first GEN has a DC offset of - 0.5 volts 
which serve. to center the enter input waveform 
about zero volts. The .OUT statement after the BPF model 
of an optical receiver specifies VI-O as the threshhold 
voltAge for calculating the timing jitter. In addition, 
by specifying "~VM in the .OUT statement, the extrema values 
are computed, and hence, the percent noise ma rgin may be found. 

!SIKULATION or 4 
Bit pattern: 

GEN PW-8 PER-160 
GEN PW-16 DtL-16 
GEN PW-8 DtL-40 
GEN ?w.8 OEL- 6'; 
j:~ ,?ToJ _ a :JE:->i .. 
GEN ?w-8 DEL-96 
GEN PW-8 DEL-112 
CEN PW-16 OEL-144 

5b PATTERNS 
10llO 10010 
TR-4.4 TF-7 

TEE Ll-15 C-O. 04 Rl-38. 73 
!.OUT DV 

THRU 62 . 5/ 125 CABLE 
10101 100ll , repeats 
dc--.5 

Led tr-S. na tf-1.) ns 
rIBER X-3.38 50-.0000909 LO-1349 FI-l . 127 AO-.74 LC-1291 FW-126 
I.OUT DV 
bpf fl-lU f2-2 01-6 .2-S 
.OUT vl -O dv 
. EYE TX-8 DC-. 5 

If the EYE opt-ion we!'e not specified, t!1e Iju t.?ut. · ... ave:orm 
' ... ou~d ba t!1e bottom trace in Figure 23 . 

The output file fibc.dat follows: 

CROSSOVER' EXTREMA TIMINGS FOR : fibc. 

TIMING ACCURACY IN NANOSECONDS - 0.625 



CROSSOVER TIMING IN NANOSECONDS, 

NETWORK 
VOLTAGE 
DELAY 

10 
0 . 000 
0 . 000 

page 58 

2.612 . 
1.819 
2.612 
1.820 
2.602 
L913 
2. 609 
1. 820 
2.609 
1. 820 
2.609 
1. 821 
2 . 601 
1.912 

NOTE: Times a re wrapped a r ound ont :,It 
period of 8 ns foe the EYE 
pattern 

T!!1DlG J !:'':'S?, ,. 1. 9 39 

PERCENT NOrSE MARGI NS: 

NETWORK: 10 , NOISE MARGIN _ 65 . 1786 

MAXIMA AND MINIMA TIMING IN NANOSECONDS 

NETWORK 
D&LAY 

EXTREMA 

NETWORK: 

MAXIMA 
3 . 750 

25.313 
27 . 500 
45.824 
69 . 858 
85.824 

101. 847 
117.813 
118.75 0 
153.438 

10 
0 . 000 

MINIMA 
14.464 
38.482 
59.063 
60.000 
78.48 2 
94 . 464 

110.491 
132.188 
139.375 

0.000 

VALUES IN MILLIVOLTS 

10 
1 

MAX _ 
245 MIN _ 

2 MAX - 245 MIN _ 
3 MAX - 245 KIN _ 
4 MAX - 200 MIN -5 MAX - 200 MIN _ 
6 MAX - 200 MIN _ 
7 MAX - 200 MIN _ 
8 MAX - 19 9 MIN _ 
9 MAX - 199 MIN _ 

10 MAX - 245 MIN • 

-16 7 
-166 
-312 
-312 
-166 
-167 
-167 
- 315 
-315 

0 

.. 

• 



APPENDI X 2 SAMPLE FOCAs RUN 
-----------------------~-------

I foen 

riber Optic CAble Simulator FOCAs 
Revision 21 OCTOBER 86 

r the input file name: e63e6. 

FOLLOWING OUTPUT FILES WILL BE CREATED • 

• 63e6. tq - time domain REGIS file 
.6306. td - tilDe domain data file 

uu .......... t .. * ••• * •• * * • .,., ••• .,.,., .. .,,. •••••••••• * *.,. ••• *. 
I 06 £6 £6 £6 3 £6 £6 £6 E6 in NRZI 4b5b code 
I £63E6. 
I October 8, 1986 Ann Ewalt 
GE N PW-8 DEL- 16 PER-72 0 '!'~-4 . 4 TF-7. 
~t::l ?w- a ;)£:' - ::0 
GEN PW- 16 DEL- i2 
GEN PW-8 D£L-96 
GEN PW-8 DEL- 136 
GEN PW-16 DEL-152 
GEN PW-8 DEL- 176 
GEN PW-8 DEL-216 
GEN PW-16 DEL-2 32 
GEN PW-8 DEL-256 I nqen-1O 
GEN PW-8 DEL-296 
GEN PW-16 DEL-312 
GEN PW-16 DEL-344 
GEN PW-8 DEL-368 
GEN PW- 32 DEL- 384 
~EN ?w-a DE t.- 2~ 
GEN PW-8 DEL-448 
GEN PW-24 DEL-464 
GEN PW-8 DEL-496 
GEN PW-8 DEL-52 0 !ngen- 2O 
GEN PW-32 DEL-536 
GEN PW-8 DEL-576 
GEN pw-e DEL-600 
GEN PW·32 DEL-616 
GEN PW-8 DEL-656 
GEN PW-16 DEL-680 
GEN PW- 8 DEL-712 logen-27 

pago 59 

TEE Rl-38.73 Ll-15 C-0.04 
FIBER X-3.38 50-.0000909 LO-1349 FI-l.127 AO-.74 LC-1291 FW-126 
.OUT Vl - O 
.EYE TX-8 fs-1 

•••••••••••••••••••••••••••••••• ** •••••••• * •• *** •• ** •• 

. . 



Sample rOCAS Run ( c o nt. ) 

FREQ. DOMAIN RESPONSE WILL NOT BE CALCULATED 

THERE ARE 1024 FREQ. TERMS TO COMPUTE 

FOCAS IS ALI VE & WELL f r e q term : 1 90 
FOCA$ IS ALI VE & WELL freq te rm~ 36 0 
FOCAS IS ALIVE & WELL freq term : 540 
FOCAS IS ALIVE & WELL freq te rm : 720 FOCAS IS ALIVE & WELL freq term: 900 

Number of frequency terms computed _ 1024 

C:?'OSSQVEa T:IlING : :-1 :.lANO SC:CONDS , ': N PUT ~ ::'E; aci3eo . 

NETWORK 
VOLTAGE 
DELAY 

FORTRAN STOP 

29 
0.000 
0.000 

1. 592 
7 . 293 

·2.015 
7 .435 

page 60 

tYE PATTERN HE U[ST~ 
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FIGURE 1. OVERSHOOT I.'ITH LEADING '" TRAILING 01lE • 
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--- --- . 

----------
11 1---0----
GEN 1 1 

1---0- 1 ---------- ----------__________ 1 -0--- 1 13 .1 ---0---1 1---0---
__________ 1 -0---1 TEE 1 1 FIBER 1 <------> 

12 1---0- 1 _________ ~---O---~ ________ ~---O---
GEN 1 1 

1---0- 1 
---------- 1 1 

1 1 
1 1 
1 1 _________ __ 1 1 

1 NGEN- th 1--0-- 1 
1 1 1 
1 CEN 1--0-- --1 
1---------1 

FIGURE 5. BASIC SCHEHATIC 





• 
I, " 
I. i 
1, 10 

I 
0, 10 I 
0, 70 

I 
0, 50 

1/ 
0, 30 \ 
0, 10~ \ 

~, 10 

15,00 ~,OO 35,00 

~ ) LEO mod_l: tr.3.9~ ns Ll:s15 C==O.04 Rl-28 . 73 

1, '" 
!. 

0, 

0, 

0, 

0, 

0, 

30 

!~ -t 
1O 

'0 

50 

30 

10~ 

".1 ° 
",30 

~,50' 
",,00 

I 
7 
II 

LEO output Ta4.11~ ns 

.aI.'·Itl 11:1 U . Jill III. ItI!l.Il U"" ' IAIII , 

I 

• 

I \ 

\ 

',00 \5,00 ~.oo 3l\,00 45.00 

b ) LEO mod_l: tr-3 . 25 ns Ll:1~ c=O . 04 Rl-38.73 
LEO outpu t T_4 . 115 ns 

FICUIIE 6 LED MODEL BEHAVIORS 





\ . " 
I. lD 

\ . 10 

O. 30 

0.10 

0.50 

o.lD 

0.1 0 

".1 0 

".lD 

... ~. 

I. \0 

lD 

I. 10 

0.30 

0.70 

00 

c 

0.\0 

O.JO 

0.1 

".1 

0 

0 

".JO 

"'). 50' -uo 

"" 

I 
I 

\ 
I \ 

5.00 15. 00 25 .00 35. 00 45.00 

LED rno.:.!.: ..... l.~ "'j~ L! = 15 C=O.0 4 Rl =4S . 7:3 
LED output T =~ .llS n s 

OVER DAMPED 

. 
. 

" 
1\ 

.\ 
\ 
\ 

\ 

5.00 15.00 25.00 35. 00 45.00 

d) LED mod.ll ty-O . :5 tf=Q.5 Ll=15 C .... O. 04 Rl =1.8 . 73 
LEO ou tp u t T=4 . 116 ns 

UNOERDAMPED 

FI GURE 6 . LED MO DEL 6E~IORS 

'. 
. 

' .. 

.. 



, 

. . 
" 

" 

, '. ' ~ 

, , 



I , ~ 

I. )) 

I. 

0, 

o. 

o. 

0, 

o. 

~. 

10 

!O 

1') 

~ 

30 

10 

10 

~·~.oo 

~ 2. 

2,~ 

" 
J 

1.10 

till -c • 
'g 

1.00 

0,1') 

0,'1 

0,1 0 

E 

~ 

f 

\ 
\ 
\ 

"-

5.00 15.00 25.00 35.00 ' 5.00 

~, l.EO model : tyaO.:5 tf=4 . 5 Lla15 c"'0.04 Rl;a;28 . 73 
LEO output: r-l.Bns f=4 . 6ns 

- . . 

./ 

/ I \ 
I \ I 

I \ 

f"-

~.~ 
.00 f ) Dui;~ SLOPE [Ire 25.00 35.00 '5.00 

gen amp-l.S pw-30 per =50 tr~1 . 7 t f a 3 
9.n .np •. 3 pw-30 per =50 tr=3.5 tf =.5 de l=-2 . 

te. rl-38.73 c-O .O 

'IGURE 6. LEO MODEL BEHAVIORS 





1. ~ 

1. 30 

\. \ 0 

0.10 

I.: S , 
J 0.50 

0. 30 

.~ 

0 0. \ 

04.\0 

" 
F 

. ) AT&T LEO measurement 

•• . 

\. 

5.00 \8.00 lO.oo 

b ) LED mod.!: 

fIGUR E 7 . SI MULAT ION Of AT&T LEO 

. 
I 

j 

. 

'2.00 5<.00 





~-- --

~?i ~ 
;r,. I .~~----~ 

*" I / I " i i' I 1 \ 
I 

Ai I 

1 

FIGURE 6 . 
Tangent APprOX1mat1;n to Dual Slope Edge 





T 
~I , 

1 

T 
II'\'A2 

1 

I~ 

I 
~ ~11 I 

I F1. : 
1<-- Pl' PHl '¥ ~ 

~""1----"","---- 21!~ GEK -----
';- Kl. -;f I 

If- F:l. ---of 
I ' I 

Dual slope compos it. 

I 
I I 

It-Fl--l\ 

! Dual Slcpe LED ~iod el Templ>ate 

8AlI PV. Pl l'RR_per TR.rl TP=fl A1!P=Al 

OBI! PV_P2 TR-r2 TP=f2 A.MP=A2 DEL=Rl 

rl ,. 0.8 • Rl r2 = 0.8 • R2 

n ,. 0.8 • Fl f2 _ 0.8 • P2 

Pigur' 9 . Dual. Slop' Model 

P2 = Pl-Rl 
. 

. . 
. . 





a) Rising Edge 

b) Falling Edge 

FIGURE \0 . SUH!TO~10 OBS ERVATIONS 



, 



. 
I. 

I. 

I. 

o · / 
o · / 
o · / 
o · / 
· / 

· 
· 

.10 0.60 1.80 3.00 '.20 . 

It1IJlATI CN OF DUAL SLOPE SLt10TCt10 LED 

PW-40 PER-eo TR-l. 2 TF-l . 44 .-np-. 8 
pw-40 per-eO tr-l.1 tf-2.8 .wnp·.2 del-l.2 
to·-e 
tx.' de-.:! ,.-2 IScale .dJustIPd to be comparable to that of FigUTtl 10 

, . ItIItIo I"""""" .. n .. JIll .. I~ EllS ' •• 

. " 
· 
· 
o ...-

./ 
o · / 
o · 1/ o · / · 

· 
.10 0.60 \.80 3.00 '.20 

b ) GEN Bandwidth S 400 MHz 

HMULATI CN OF DUAL SLOPE SLt10TOMO LEO 

. 

5. 

?'~.40 PER-eo TR,- l . 2 - F-l . 44 amp"". S bw""· 4 
OLo,l-4 0 pel'-eO tr al. l t{-2 . S amp .... 2 del:=1.2 

t to-78 
3 {x-, dc-.5 '.-2 ! Scale adJusted to be comparable to th~t of Figure 1 0 

FIGURE 11. 



t 

F 



I. 

o 

o 
· 

I 

I 

I 

I 

o 

o 

o 

· 
· 
· 
· 
· 
· 
· 
· ~. 
o , .51 

. 

I 
/ 

/ 

1:K.5I 405.60 

:T-.05 pw-.062' p.r-1000 
:1-,1 F2-1 .,1-3 .,2-3 

" 
" ~ 

682.67 

FIGURE 12 

. 

" 
"'" ""-

........ 

~.7J 1228. 8 



,. 

'. 



I. 

O. 

o. 

o. 

o. 

o. 

o. 

o 

o 

o 

o 

. 

. / 

.Il IlUl "'.60 

ra. 05 pw •• 0625 per-lOCO 
1-.1 F2-1 

\ 
\ 
~ 

" 
"" ~ 

682.67 "iII.71 1228. B 

• 

PIGURE 1'. 





I. 

I. 

O. 

I. \ 
I. 

t \ 
• \ 
o. f\ 
I. "'-
I. .......... 
o .51 lle.51 4OiI . 50 682.67 9!!1.73 1228. 8 

,,",OPASS FILTER, F1. 1 MHz F'2· 200 MHz sl • s2 • 3 dB/ octave 

, .. ~ 
I. 

I. 

I. 

O. 

O •• 

o. 

o. \ 
\ 

I. 

I. r\ 
"-I - .51 lle. <os. 50 682.67 ~.73 1228. 8 

~OPASS FlLTERI F'1. 1 MHz F2· 200 MHz 
s l • s2 • 8 dB/ octave 





~.r 
.... 1""'- II '.11 1111 Il'I 

~ 

_\ I ......... [1101 ' " 

). \ 
o. \ 
~ \ 
~ "'-t. "-
t I """ o. / 
•• 
. 
1 13 IK.51 • O!.&O 682.67 9!1!1.7J 

TR~SFER FUNCTION OF BPF 

~.n r-.O:5 pw-.062:5 p.r-1000 
tlpr n-.l f2-.9 ph·l . ~ 
.ou t 
.f"; FF 
.pdg 
.lnC! 

1. 

2. 
-
" I. 

I. 
r--... 

~ ~ 
o.~ 

"'" > 
o. ...... 

...... 
"" ........... 

t. '-... 
t. 

. . 
114. IK.51 

-3 

PHASE SHIFT FOR BPF 

............ 

1229.B 

fiGURE 14.. BP~ TRANSFER AND PHASE CHA~ACTERI5TICS 



• 

! 

. . . 



I • • \ 
). \ 

~ \ 
~ '\ 
). "'-
I. "-
0. , ~ 
0. ,/ 
1. 1/ 
0. 

?j .Il 1]4.!Il 409 . 60 
TRANSFER 

682. &7 S5!! . 73 
FUNCTION FOR BPF 

s.n t T •• O ~ pw- . 0 62~ pe r -lOCO 
cp( Fl-.l F2-. 9 ph-- . 785 
.out 
.(d9 FF 
.,d9 
. • nd 

.-
J. 

I. 

" \, 

I. 

0. 

O. 

L--
~. 

I. 

I • .. . , .... 
,Il 

-J 682,67 

BPF PHASE SH I FT 

............. 

1228.8 

. '. 

1228.8 

FIGURE lQb . BPF TRANSFER AND PHASE CHARACTERJSTICS 

.. ' ', ... 

. ' .' 

'1 •• . , 
.. ' 

.. 
' . . 

" . 
. " 

. . . ' .. ' , 

,,' '. ' 

. . 



" 
" 

" , 
, , 

" 

• 
I 

I 

It 



. . , 
l 

1\ ,..... 
I 

f\ 1\ " I 

I 

I. 

~ 

I . 

• 
~ V y 
~ ,CO Is,oO 11,00 81),00 112,00 144, o 

! pitt . rn l 10 11 0 1 0010 10 1 0 1 10011 , npp.~ts 

X-3.3a 50- . 0000909 LO-134 9 F'I - 1.127 AO" . 74. LC-1291 F'W=-126 
',2 R-1000 
3. ln-l.:i8:5 bw- . 2 

~, ,! eM!. J T\IIIJC; W' t he tt! ... 
J IjIftlT rJl 5 ! ,. M 

O. 

O. ;.... 
"- /./ ...... 

I·
V :--... // ~ 

I. 

. 

. 

'" t/ £I '" N It' r"-. 

'" 7/ 
/ K 

V 

.CO -'.10 -1.60 

TIMING JITTER. 0 , 60 :5l 

l'lO\1RS 15 

r--... 

1/ 
~ :/ 

""-
. 

1.60 4.90 

0.3797 NS 

V 
/ 

""'" 

8. o 



• 



~ 

f\ 
~ 

~ {\ 71 r {I 
D. 

~ 

D. 

· 
· / 
· .v. 
:. 01 IUO '8.00 80.00 112.00 I". o 

II pAt urn: 10110 100 1 0 10 1 0 1 1 0 011, rllpeats 

p -l.38 50-.0000909 LO-1349 FI-1.127 A02 . 74 LC-1291 FW-126 
C-.05 1\-1000 
iun- l . 58' b,.I-. 2 

D'~~~ "[E 

~:.~ ±83~. 
~ . . 00 ... 80 -1.50 1.60 • . 80 8.0 

.TIM ING JITTER - 2.1:549 1. 7868 NS 

FIGURE 16 





I. '\ 
t 

t 1\ 
o. \ 
o. f'\. 
I. "-
O. "'" t--. o. t---
o. 

o. 

0 ., .!l 1l6.Sl '~.60 682.67 !I!I!I.7J 1228. 8 

IIOElor OPTICAL RCVR USING AC COUPL ER S EAMP FOR GAI N 

Ir- .05 pw·.062~ p.,.-1 000 R-l000 
C- .2 '-1000 

I ~lN.l . 58~ sw-. 2 

I" \ o. 

o. 
\ . 

o. 
\ o. 

o. f'\. 
"-

o. 
"- ~ 

O. 

I. 

I. 

-I .!l 116.Sl 

TJ = 0.605 O.~08 nB 

. 

. 

682. ., !I!I!I.7J 1228. 8 

El or OPT I CAL RCVR us I NG AC COUPLER & EA'1P FOR GA I N 

TJ = 2.15 1.79 

PIGORE 17 



" 

, , 

.' .' 

" . ' 
.. '~ 

" 

{ 

i 

• 

" 

• 



.. , ........ .. '.1lI III! .... 'ea nbS '.., , .... 
.. ~ 
!. 

I. 

I. 

I. 

I. "-I. -........... 
'1. 

. 

,1 • 

•• 
1 682.67 9!!!! .7.1 1229.9 

MODEL or OPTt CAL Rev R US tNG AC COUPLER & EAMP FOR GAIN 
r •• O~ pw·.062' per-loa D amp-2 T-l000 
:.2 r-l000 
Slin-l .585 bw-. 2 

I.; 1 
I. 

0 

, I 

1. / 
I. 

I. h 

-
I. 

'> ~ 
-........... 

1. 

'1. 

,1 . 

. , 
' 1 ,!J 682 .67 9!!!!. 7.1 1229. 9 

1l4i.5I ~.;O 

C·O.O:5 R • 1000 

~: 

FIGURE 18. PHASE 
SHIFT IN RAD I ANS VS. FREQUENCY IN MHZ .,. 

,. ': ' . 

... . . 
":.:.:. ~. t 1 

. ' . . . ' .. , " 
' ,, ' . .. . ': . 





.-ID. , ... . ' 
\. 

\. 

\. . 

\. 

\. 

O. 

O. 

O. 

O. 

O. 
.00 '.00 

, .. '''un_ .. . 
t. 

0 
t. 

\. 

\. 

\. 

o 

o · 
o · 
o 

o · .00 ' .00 

TRa2 PER.~O PW-20 
; TO-48. 7~ 
, rx-40 

XI 11_ 1111 III 

12.00 

XI 1'" ,- .. 

12 .00 

FIGURB 19 

lI.a IEU l o_ 

20.00 29.00 :36. o 

IWUT [11,1 •• 

20.00 29.00 :36. o 





I. 

O. 

o. 

o. . 
0.9--

o. 

o. 

o · 
o · 
o · 
o · · 

.r 
.17 

/ '\ 
\ 

:"-. 7\ 
. 80.00 133.33 186.67 240.0 

I SIHULATION OF 0 5b PATTERNS THRU 62. 5/125 CA BLE 
GEN pw-e PER-160 TRa4.4 TF-7 
GEN PW-16 OEL-16 
Go.,! pw-e OEL-40' 
GEN pw-s OEL-6 4 
GOtI pw-e DEL-eo 
GEN pw-a DEL-96 
GEN pw-e DEL-lIZ 
OEN PW-16 OEL-140 

o ou t 
.End TX -320 dc·.5 FS-2 

Graph di.pl.ye d by typing t h e c ommand: 

S tyftt. f g 

FIGURE 20. POWER SPECTRUM OF 10110 10010 10101 10011 PATTERN 





... -I~ .. ...-rJ!l 1/111 -.II ue.a """101:'" ., 

O. 

O. 

O. 

0, 

0, 

0, 

0, 

0, 

o , 
1\ 

o ( ,lJ 1)i.53 409.60 682,67 9!!!5.73 1229, 8 

·Ra.O:S PW-.062S PER-1000 AHP-2 R-1 
. x-a. aB 50-.0000909 LO-1349 F 1-1 .1 27 A02. 74 LC-1249 FW-126 

!.'! .... JD_ .. 11111"'. 1111 IIQ; l...n IUIIi ' :l.I:_ 

1\ O. 

\ 
0, 

0, 

0, 1\ 
\ o. 
\ , 

'\ , 

o 

o 

o. r\. 

o '\ 
i'-., 

" 
( ~ 682. 67 9!li5.73 . 1229. o 8 

409.60 

BLE TIWISFER FlJ-ICT I ON ' ~ 

lRa.O~ PW-.062S PER.-lOOO AHP-2 R-l 
R.x-J.3B 50-.0000909 LO-1249 Ft 2 1 .127 AO-.74 LC=1249 rw-126 

nCUR!: 21. Va.dation in f ~""':r band .... idth .... i .t.h (!.o-Lc) " 
optical ~ 

" " ' . " 

" " 

" .. . , 
, '.' 

... . . ... 
" ". , . 

. ~- '. , .~. . 

.' 
',.', " 

, ,' , ' 

' .... ;. 
" , . 
. ' 

,. 



'. 

~. '~. . I 

. . 

D 

-



7.10 

6.71 

6. 00 

I!! I. 

'.10 

3.71 

3.00 

I.I!! 

1.10 

0.71 

\ 

10.00 

. 

\ 

\ 
\ 

30.00 ~.OO 70.00 

'EMCNSTRATI ON Of USE Of TO IN. OUT STATEMENT 

\ 

..., 

"'.00 

Top waveform .hifted 37 ns to left ( 13 ns to r i 9ht ) 
wl t h r ... pect to bottom w.".form 

amp- l .e pw-20 per-50 tr-l.7 t(-3 bw E .5 
amp • . 2 pw-20 per-50 tT'-3.5 tf-5 bw-.5 del a 2.2 

It de., to-37. 
It dca 2.5 to-13 
It 

Id tlt-lOO f s-7.:5 

rlGURE 22. USE OF TO IN .OUT STATEMENT 



[ 

[ 

L 
L 

I 

, 
I 



,- r 1\ 11\ 
• 

, . ,\.. '" 

lSSOVER TI~ING IN NANOSECONDS ' 

:WORK 9 9 10 
;rAGE 0.000 0.000 0 . 000 
Joy 0.000 0.000 0.000 

11 . 167 A ll.181 G 10.62' N 
17 .494 B 17.372 H 17.813 P 
3' .16' C 3'.176 J 34.609 R 
41.490 D 41.392 K 41.823 S 
'1.167 '1.163 '0.608 
6'.'27 6' . '08 6' . 913 

" .16' 75.174 74.609 
81. 490 81. 392 81.823 
91.167 91.181 90.62' 
97 .494 E 97.372 L 97.813 

107 .1 78 r 107.188 M 106.602 T 

113.488 113.381 113 .821 V 

123.171 123.160 122 . 604 X 

14'.'27 14'.'08 14' .91 3 Y 

IIXA AND MINIMA TIMING IN NANOSECONDS 

!WORK 8 9 10 
LAY 0.000 0.000 0.000 

MAX MIN MAX MIN MAX MIN 
. 

'.62' 14.570 4.219 k 14.4'3 4.219 14.453 w 
• II " q 

23.203 ~ 38.'68 h 23.828 .. 38.3'9 P 2'3.828 ~ 38.3'9 z 

29.688 d '8.047 J 27.969 '8.203 27 . 969 '8.203 

4'.8'9 61.'63 4'.703 '9.844 45.703 '9.844 

69.766 78 . '68 69.766 78.3'9 69.766 78.3'9 

8'.8'9 94.570 8'.703 94.4'3 8'.703 94.4'3 

101. 797 110. '99 101.797 110.391 101.797 110.391 

117.734 130.078 117.734 130.391 117.734 130.391 

1'1.172 141.'63 1'1.797 139 .844 1'1.797 139.844 

FIGURE 23. USE of DV I " .OUT 





I. 

I. 

I. 

I. 

o. 

o. 

o. 

o · 
o · 
o · 
o · 

I. 

I. 

I. 

I . 

O. 

o 

o 

o 

o · 
o · 
o · 

I"' r-

.00 4.00 12.00 20.00 28.00 36.0 

TWO °ER:OOS OF ORIGINAL WAV EF ORM 

. 
. 

~ r---> 

.00 4.00 12 .00 20.00 28.00 36.0 

TIME DOMAIN OUT rUT FROM USING SRC MODEL WITH SOURCE .OTA 
CONTAING 256 PlllNTS OVER A SINGLE PERIOD OF ·TOP WAV EFORM 

FIGURE 24 . SRC OUTPUT FOR NT • 256 





1. ~ 

I. 

I. 

I. 

o · 
o 

o 

o 

o 

· 

· o 

o. -

I. 

l. 

I. 

I. 

o. 

o. 

o · 
o 

o · 
o 

o · 

, 

._-1:Do_ .. II • U ! • IWUT n ' S · PInT 

~r- -;:=, 

. 

1I 
.00 '.00 12 .00 20.00 211.00 30.0 

ORIGINAL WAVEFORM - Z PERIODS 

0 

I I 
! I<- r 

I I 

I 

. 
.00 t '.00 12.00 20.00 211.00 30.0 

ERRONEOUS WAVEFORM OBTAINED WHEN THE NUMBER 'OF POINTS 
IN THE INPUT DATA FILE IS TRLJojCATED TO NEAREST POWER 
or 2 - (3~O equally spaced points of abo v e w.veform ) 
trunc.t_d to 256 pOlnts as required for FFT ~nalysis 

FIGURE 2~. SRC OUTPUT - NT ROLJojDED TO POWER OF 2 

• 





• • ,_ I 

...... '~~ J 

:0-
-0,0: I 
"J" ' "·"!t~ 

\1 I I 

..I ! • ! , 
!2. OO 

, 
I 

I 

' ! 
! , ' , , ! , 

96, 00 1'')'c~ 

, . 
, , 

,. " f\ ' 1\ f\ I ) \J 'J \T\/\ 

. , 
" , \ ., 
' , , :( " 

'J. • 
I i 

, I , ' . , I 
2!'- .C< 2~=. C-~ 

I~!"':I.."-"- :C: !::. ;--C~,. .. :::. - :.i:. .... ':":.5 :::::- .:: .... CLC 
I B: t o.t:ern: 10110 :00:':1 :O!O! .!.C'O!.l . re-Dea!:S 
GO\ r-..... t rcn.-l GO T~.4. 4 Tr~;-

G:t. r~~.!G O:L-16 
GC 
C:', 
GOJ 

, - , 
,;,~ . 

!" ... ·c 
r .• a ::) 

PIJ-e 
r"" ... . ,! ..• ~ 

OC _ -4(T 
O[L·~ ... 
OCl-eo 
-.- ". ~ ... _- :.. \) 

::_a.:'': 
~:' .. r,j.~.i v:::r..-: - .. 
Tee Ll.1~ c-e. 0": r.l -ze . 73 

.eu'" \.; :-0 :'C-! . :" 
""IECR X- Z;.30 so .. . oooo:)O? LO~lZ49 f: = •• 127 ~O= . 74 L ':' =l~S'l Fv.~ =:2': 
.OUT Vl a e. DC-l . 
IIOr C·.2 n.-l000 
c.;~r GA: t:-l. !iC~ ~ • . :2 I Re-c el v iH bancw l dt h = 200 Mh = 
.OUT Vl -
.C.O rx-:20 rS-4 DC-l 

FIGURE 26, EXAMPLE 1 
, . 

'. 
'. 

" 

, .:::;: 
. .. .-. 

. ". 





""".-'" 

t""JI E1Lssni , 

, . 

S,IMUt.,;: I()~ or ""I ~::. r ... '7T:::::n.rJ::, T t-:RU G2 . !. l"12: C~CLC. 
:Jl~ Df, un. : lO!10 lCO!~ :'O:t: :'OC:' :. reCoo?al;:. 

t:tl P .... t PC ... . !.(~ Tr. -4 . 4 Tr a :-

GL~.t p' .. ,-e OEl-4 ":) 
G2': p....-2 :>£..-i.: 
. -. 
0_ • :)~ ... .? :-:_.,z=-

F ... .. Z O:\o.-?i 
P ... ·S 0: .... 112 

G:', 1> •• -:-: ~: •• :.:.! 
:._ L_-i! : . ... J ... i< _-Z3 .:-Z 

L.c cr-: . ns 'tf-7 . 3,""s 
fIBER X-3 .3a 50-.0000909 LO-1349 Fl~1.127 AO· . 74 LC=1291 FW =126 

HPf C-.2 R-1000 
E,:..",,:P GAIN-1. :8~ ew- . 2 I Rite-it 1 V itr bCindwl ~tt", = 20e M~. :: 
.OUT Vl- 0 
.EYE TX.e OC •• ~ rS-l 

FIGURE 27. EYE PATTERN 



i 

DATE DUE 

--+---j'. 

-f-

---\---\-- -

~ \ C~""\ TH . &-101 "'U~T.O .... U .... 

DEC-TR UO 
Ewalt, Ann B 
FOCAS user' •• uld. (flb.r 

optic c.bl. 51aula or) 



.. 




