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ABSTRAC;I‘

The object of this work was to determine the freguency
‘response, in-situ, of existing Edmonten Telephoné multimode

graded-index optical fiber links. A pulse measurement

technique was devised and then used to determine the upper
‘ LENS '

M . . B . 1!
frequency roll-off characteristics of several lins,

\ The wbrk inyolved the reglization of an pl@;a—sﬁo%t
du%ation,optical’impulse generatdr, a wideband detectdon
circuit,'ﬂdta‘recordihg at the input and the output .of the
fiber and developmént of a practical~fast'Fourier transform

(FFT) fechnique for, converting time domain measurements to

frequency domain characteristies.
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1. INTRODUCTIQN

4

The maximum distance between repeaters that can be
bridged by optical communication fibers carrying digitai
signals is principally determined by thefioSs and dispersion
characteristics of the fiber.—}t is thus clear that
dispersion and loss are two of the most important fiber
parameters that must be carefully measured and controlled.
The object of this thesis will be restricted to the P
measurement of the frequency—domain eqaivalent'to dispersion
and loss, spec1f1cally the optlcal fiber bandwidth, or as a
more general result, the optical fiber frequency response.

There are two methods available to measure the
frequency response of an optical fiber: one can take
measurements in the freguency domain or in the time domain.
The first method requires'uSe and operatig;67zoa network

000.00 to

analyser , whlch 1s extremely expen51ve ($
$500,000.00). Because of this fact we decided to concentrate
our efforrs on the time domain method.

To perform a timefdohain frequency response
'measurement, the basie sysrem showh.in Fig.1 ¢can be used. A
’short.opfiéaf\buise~‘which contains apectral_(baseband)j
eompenents at least ﬁp ro the maXimum'frequency-of'interest,
is 1njected into the flber. Such a pulse may be generated
for example, by . a SOlld state dlode or a mode -locked laser.

For th;s_prOJect we thed for a 1.3 m}cron,(um) solid-state

Al
22K
T
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1a%cr daser diode
driver | - | &7 .. o t_'
A NI
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delav = "o =
generator i : - . -
L—————'— sampling. - ~rh_____~<:::}.___.» ) A
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gmplifier detector

cnmpuéer

s
F

Fig.1 Basic time domain frequengy measurement system.

N
’

InGaAsP laser which was similar in emission characteristics

to the ones that would likely be used in the future on these

Lo :
optical lines, should higher bit rate transmission be

desired.

In, the measurement system illustrated in Fiéql; the
G, , ‘ ' .
output signal from the fiber is detected with a fast

e 1

aValénche photodiode and displayed on a'sam§£jng

% X o o
- oscilloscope. The displayed waveform is then averaged to.
‘remove the :andom noise, gsonverted inte digital form, and

" fed dinto a2 computer for signal processing.

1

LT e

‘Due to dispersion in the fiber, the output pulse is

Bl

s

plbroadened and distortea;'The‘pUlse‘deformation is partly due



" to the measurement apparatus. Moreover, the input pulse has
its own shape, which is certainly not a perfect impulse. To
account for these two factors, the input'pulée shape must
also be recbrdeg and its effect included in the subsequent
‘analysis. In the case of 1in 51tu measurements due to the
distance between the two ends of the flber (4.5 to.8.1 km),
the input and output measurements had to be done at two very -
different times; therefore the reproducibility of the .
optical pulses had to be excellent, which was conflrmed
prior to he\ln 51tu field measurements.

Also, the pulse repetition rate had .to be sufficiently

s1dw to not have any overlap from adjacent pulses. With this
proviso, the periodicity of the signal was effectively
ignored and hence the respbnse of the fiber to only
individual pulses was considered.
The measurement procedyre consisted of:
t. record the input and output signals on the fiber;
2. transfer this sampled and digitized data to the
computer; | |
3. execute a fast’ Fourier transform on both recorded
signals to obtain the frequency spectrum of each; -
4. obtain tne frequency reéponse of the éiber by dividing
cthe Fourier t:anéﬁorm'of the output siénar by>that of
the input signal. | R

~ The second*chapter w1ll cover the des1gn and testlng of

&

the optlcal pulse generator. The thlrd chapter w1ﬂl descrlbe

the special dev1ces necessary to observe and record the weak



VNG ¥
received signals at the far end of the fiber such as the
detector, the amplifier, the sampling scope, etc. The fourth

r

chapter will be devoted to the data processing technigues
such as the signal éveraging, the data transfer frém the
sampling scope to the computer, the windowing, the FFT
program, etc. The fifth' chapter will presént the resﬁlts
obtained in the field and -in the lab, and finally the sixth

and last chapter will be devoted to a discussion of the

results.
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‘2. OPTICAL PULSE GENERATOR”

The opti¢a1 ﬁulse generator that was built consisted of
a 1.3 um InGéAéP semiconducfor l;ser di'ode driven by an
avalanche transistor. Fié{Z shows a schematic of the
circuit; 1t 1s an adaptatién of}}he classical mercury-switch. a
charged transmission line.pulse generatér and was first

described in-reference 1. .~

v
IC
sto.raqe
elemen

tri,u),"er

Fig.2 Optical impulse generator. - . >

The first part of this chapter will gover the design of

the eleétricalvimpulse generator&and an' evaluation of itA‘

performance. In the second part, the optiCal~impulsé- ?

aeheratar as a whole will be discussed. S S

i

-/



2.1 Electxjcal Impulse Generator

The electrical impulse generator circuit that was
designed was originally intended to be used with a variety
of lasers having differing characteristiés..For example, the
first tests were realized on RCA's SG-2001 laser diodes,
which have a threshold current in the viéinity«of 4 amp.
Subsequent tests were done yith the quﬁhern Telecom's
QLS-3A 1.3 Am InGaAsP lasers havingc%he much lower threshold
guernt of 110 mA, Thus, sincevvety diffe}eqivmégnitudes of
current wé?é required for drivi%g different laser diodes, an
electrical impulsé generator wés built that could be readily
altered to change the dutput current.

4 . .

There exist various devices to geherate narrow

electrical pulses. Examples are tunnei‘diodes, Step.recovery

diodes (SRD), and avalanche transistors. Thevcommonest form

of solid-state pulse generator with subnanosecond risetime

uses a transistor operating in the avalanche region. Huang

[2] discussed the breakdown conditions for an n-p-n
transistor under various base circuit configurations, and ‘in
particular showed how the onset of avalanche breakdown can

be controlled by choice of an external‘base;emitter.

o B

resistance RB' Furthermore, it is possible to trigger the-

0

onset of avalanche breakdown eXternallf,”Qﬁ@ng a transistor

to discharge a;charéed transmié%ion‘lingéikhaféws [3]

-prodUEed a 40-V pulse with a risétime of 400 picoseconds (1

psec = 10" '% sec.), andfPféiffer [4]'6btained a 10-V pulse.

~with a 120 psec risetime. While avalanché voltages can range -

e



)

as high as several hundred volts, the rate of rise of the
voltage pulse-generated usually remains constant at around
0.03 to 0.2 V/psec, resulting 'in poor'gisetimes for high
voltagevpulses.applications [5]. | |
The fastest solid-state device commercially available

is the tunnel diode pulser [6]1-([8], producingvgisetipes of
around 20 to 25 psec. However, ampiitudeS*are oaly 0.25 to;
0.4 v, and the rate of rise is only about 0.01 to 0.02
V/paec. For these reasons, this-aeviee.was discarded. Larger
rates of rise with solid-state.devices can be obta{ned using
SRD's or "snap-off"” diodes [9], usuaily opetated in shuht‘
wlth a transmission line to increase the rate of rise of.a
slower voltage step. For example, Schwartze [10] reported a
circuit containing avalanche transistors and SRD's wthh
would produce-a 16 V , 80 pset risetime pulse.

| Consequently, based on the very'promising‘features of
this last circuit,pthe design,of‘a pulse generatdr‘usingven
avalanche'transistot'followed by successive pulse-shatpening
stages using SRD's was considered. It should be reCailed;,at
this point that our goal was tp ge;erate ehort'bpfiCal
1mpulses hav1ng a frequency roll-off in the v1c1n1ty of 1.5°
glgahertz (GHz) ~or, in the tlme domaln, a dunatlon
‘full -width-at~ half -maximum (FWHM) of ~300 psec. The
‘avalanche portlon of the proposed avalanche tran51stor SRD
generator was de51gned and 500 psec pulses were obtalned

Prior to the de51gn of a pulse sharpenlng portlon, the,fh

avalanche tran51stor was used to pulse a 1.3 um laser giode.

- e ) ~



Q-switched opt}cal pulses considerably narrower'(T2O psec)
than originail§ eﬁpected were obtained. Consequently, the
design of the pulse—sharpening portion was dropped; (an
excellent article from Tielert [11] describes a pulse
circuit based on two SRD step-sharpening stages.)

-

In the next subsection, a review of the avalanche
R ’ .
- breakdown ?heory will be presented, followed by a discussion
of criteria for choosing the transistor and the charge

storage element. The experimental results obtained with this.

electrical impulse generator will then be given.

2.1.1 Principle of Avalanche Breakdown
The principle 1s described in the literature (see
[121-[15)) and will therefore be treated only btiefly here.

“ #
- The max1mum reverse-bias voltage whlch may be applled before

'breakdown between the collector and base termlnais of-a -
tran51stor under the condition that the em;tter lead be'
open c1rcu1ted is rebresented by the symbol BV”“)-This
breakdown vbltage is a characteristic of'the'transietor‘
aione; Breakdown occurs because.oflabalanche multiolicatdon
of'the current I’O that crosses the collector junction As a’
Aresult of thls multlpllcatlon, the current becomes MI ;; in.
5wh1ch Méls the factor by which the orlglnal current I
multlplled by*theravalanche effect. (We neglect the 1eakaqe"
’cnrrent,'which does not.flow~through the_Junctabn,and is - -
therefore not Subject:to,avelanche mpltip;icationi ;t . .

large value of COlleCtor-to‘baSehvoitege,'nameiy‘Bvcsa (the

9
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f;'_ | tion means‘bgeakdown voltage)| the multiplication
o b o R . : .
£H £ M becomes‘nominally ‘infinite and the region of _ )
Ko , . : o a
brégkdown is then attained as shown in Fig.3  (taken from
[12% p.194). Here the current rises abruptly, arfd large ,
‘ar‘,; N 7 : . ., V4
chan&éP.in cu??entlgccompany small changeg 1n applied’//r
TR ‘ , o 3
volt e Lo L -
< \\ 9 o
| )
| p]
! ¢
. 5
“(a) i ’
' o BV Ves
s “@ » ~
t : ]
() : )
BVpo Vs '

B - : : . ey
Fig.3 (a) Common-base characteridtics exteqi'%?%nto
- , £ -
. ‘. ‘:.
breakdown:region. (b) Idealized common-emitter .

characteristics extended into breakdown region.
' ¢

L
b a
*

. JFig{B(a) shoqsfthe common-base characteristics of a

typical n-p-n junétion%??ansistor extended into the

n"bgeakéokn region. ‘The curve for 1.=0 is a plot of'MICO as a (:I
function of tﬁé,vbltage bé;ween the collector and base .

'

©oro, T [P .
s N . H
*:_.’.'"‘ . . . - .
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). The abrupt growth in I .as BV, 'is approached 1s

(v )

CB
evident in this graph.

It .can be shown [12] that the collector-to-emitter

breakdown voltage with open-cirguited base, designated
: - .

BVi.o » 1S given by

n
[vaihzsvmu>v 1/hpp

For example, with a germanium n-p-n transistor (n=6)

with hp =200, equation 1 yields to

BVipn =0.41BV g

(1)

(2)

. Idealized common-emitter characteristics extended into

the breakdown region are presented 1in ng.B(b).

Now if the base is connected to the emitter .through a

resistor Ry, as shown in Fig.4 (taken from [12]), the

ER

breakdown voltage, designated by BVC

BVipo @nd BV, -

Fig.4 Common-emitter circuit with base resistor R .
. v

rae

.

To estimate BV some -simpli

ER’ _ |
made concerning the emitter/junction diode. The

. semiconductor diode (in generalf exhibits a threshold

?

, will lie between R

g assumptions can be
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voltage V, in the forward direction. That is, until the
L}

4

forward voltage is about 0.2 V in germanium or 0.6 V in

silicon, the forward current is very small. It will be
-

'

assumed that until this threshold voltage of V, has been

reached,the collector current will flow entirely to the base

/
and hence through RB.

It will also be assumed that once the threshold voltage
is exceeded, nearly all the additional collector current
will flow through the emitter junction, and the
corresponding breakdown voltage 1is B%Jﬁ . Therefore, when

the'col}ector—to—emitter voltage is larger than BV(H) and
‘the threshold voltage of the émitter'junction 1s reached,
breakdown will occur. On this basis, breakdown will occur

when the collector current MICO satisfies

M-IC”-R/B}V; . (3)
B%&w will then be given by
= ) n N :
BVeer © B%E;V/71—(%0RB/W')’ - (4)

The value of BVCFR for RB=0 (when the base @s

- short-circuited to the:emitter) is denoted by the symbol
J .

ES
presence  of the base-spreading resistance Rb must be

B%wm . Equation (4) suggests that BV& = BVCEQ. However, the

remembered, and RB should be propeflyvreplaced’by R§+Rb'

“Accordingly, even when Rg=0, BVEEQ‘ is lower in magnitude

Po

than BV .
. CEO : B
Equation 4 [12) was derived using the assumption that
before breakdown, the current through RB was very large in

comparison with the emitter current. If %3 is made so large



that this condition is not satisfied, then egGuat:ion (1) 1y
not applicable. Finally, 1t should be noted that, al:e:

breakdown has occured, the collector and the emitter

.

currents will become very large 1in comparison with the base

~

current. Therefore, at large currents the presence of Rn

makes no difference, and the yoltage across the transistor

will drop from BV . tO BV - Fig.5 was taken from [12] and

shows plots of the collector current against the collector

to emitter voltage extending into breakdown region.

lrzs (base shorted)
Lexn (base return R )
I g (base open)

Fig.% Plot, extended into the breakdown region, of

3 -
o

collector current against VLF for various

+ . -
connections to the base.

¢

The b:eékdownvvoltage may also-be increased by

returning the resistor‘Rs:to a voltage Vm3, as'shown,in

Fig;G,_which'provides some back'bias;for the

emitter—junction. In this case, the. condition which
4 .
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V
BB

Fig.6 Common emitter transistor with a bilas Vgp
applied to the base. )

"determines Qhe onset of breakdown is

And the breakdown vol%é%;, now represented by the

symbol BV ..y 1S given approximately by

oy

n .
BV gy . = Bv(mo\//u—(xCO(&3+Rb>/(vT+vBB)) | (6)

A

2.1.2 Avalanché—uode Transistor Circuits
The typical transistor volt-ampere characteristics of
Fig.5 are rep;oduced in Fig.7(a), and a basic circuit using
‘é capacitor as the:éharge storégé‘element is indicafed in
Fig.7(b)[12]. o
“ “For the avalanche operation of the circnit of Fig.?(b)L
 the load line should be selected to yield a single stable
- _ ( :

point in the low-current region (see Fig.7(a)). The supply

voitage charges the capacitor through Ro.to a voltage V.. .

‘<



{c)

1
Voo "

=Vt . .
r=R.C
LV g} J

(e)

Fig.7 (a) Volt-ampere characteristics of
avalanche-mode transistor. (b) Circuit of a pulse
generator{R{R¢). (c) Triggering pulse. (d} Output
waveform.(e) Waveform at the collector.

- slightly less than the breakdown voltageﬂBV A pulse

CER °
shown in Fig.7(c), or some positive-going signal,applied to

the base lowers the breakdown voltage of the transistor, and

the capacitor'discharges répidly through the transistor and

the resistance R . The voltage across R shown in Fig. 7(d)

4

1ncreases ‘rapidly, while the collector voltage drops'

rap1dly The speed with whlch these voltages change 1§Z)

&

=determ1ned by haow qu1ckly the transxstor makes the

trans1t1on from its low currept state to the state 1n whxch
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an avalanche discharge is established. This transition time
is of the order of nanosecond and 1is the;characteristic of
the avalanche breakdown switching mode that 1s extremély
useful in fast circuits.

Having reached a peak value, the output voltage then
deéays to zero as the capacitor discharges.‘The collector
vo}tage, as shown in Fig.7(e), starts close to Ww‘ and drops
at the same high speed to the latching voltage LV .., which, -
as the symbol indicates, is a function of the base '
resistance and 1s very close to BV ... Even after thé.
capacitor has discharged,‘tﬁé collector voltage remains for
a time‘at the latching voltage since an interval of time 1is
required to allow the trénsistor to recéver and return to
its initial state.'buring.this intgrval, a small trénsistor
current flowing through R, maintains the collector at the
lower voltage. Finally, as the transistor'apprdéchés *
completé recovery, the col%fctor voltage:}eturns again to
V;C at a rate dete'rmirhled by the timg co_nstént R(,C. : ’

The pulse shape obtained with the circuit shown in
Fig.7(b) is a dqmped sinusoid. The du:ationAof_the,main
pulse depends on the‘valﬁeS‘cfv%J, C, ahd the parasitic
‘inductance bf the‘discharge capa;itof. The rise-ﬁimé and ,
-amplitudé*of thé pulge depénd'én these same pérametéréiin
addition to the‘vdltage—current characteristicsAdf thé.
‘switchiné transistor;rFor‘examplg,‘it‘félvery4difficult to
| sbécify fﬁé,pulse amplithdewgcross’ﬁhe load réSistancevRL’
~.during switching, siﬁce:the'collector té emitter qol;agé



!

varies during the switching transient, i.e., there 1is no

simultaneousif starts se'f;om BV . because of
discharging. Only if the capacitance 1is very large, and
hence the voltage can remaln constant as the-transistor is
being switched én, can the maximum pulse amPlitude of

4

(BV 7 ° -BV )/RL be reached. However under({¥Tese conditions,

CER CEO

the rise-time of the pulse is very long. For all the

preceeding reasons, the capacitor was rejected as a storage

n . . .
element in the discharge circuit.

2.1.3 Transmission-Line Impulse Generator

Diffefént conditions exist when a transmission line is.
used as the echarge storage element in plaéé of the
capacitor. An avalanche transistor pulse generator whose
pulse amplitude and width are separately controllable i %
shown_in Fig.8(a). Here the capacitor has been replaced by
an oﬁen—circuitedidelay'line of characteristic impedance Z,.
An equivalent circuit useable for calculating the waveforms
is shown in Fig.8(b), where avalanché breakdown is
represented by the closing of the switch S.

When the positive-trigéer pulée ig coupled through the
capacitof to thévbase'of the transistor, avalanche breakdown
lis initiated; The emitter-junction becomes forward biased
‘aﬁd;injedts‘carriers iﬁto‘the base. Avalanche regéneration
‘cccurs’and the:é5lléctor-vdltage dropé fFQmFBV(ER; thch ig

s practically equal tofVCC, to BVCEO producing a negative



LVega ‘[‘ - t: Yo
AAAY%
L R
= W ¢ (c)

Fig.8 (a)~Transmission line pulse generator. (b)
Equivalent circuit after the transistor has been
triggered. (c) Reflection chart for {he line current.

voltage étep AV=-V across the open-circuited line. This step

has an amplitude of V=-(VCC—BVCFO), and since the initial

line current is zero, then a current step

1(0+)=-V/(2, +R )=1I “ - | (7)
starts down the iine at t=0+. A constant current through the
collector is thus maintained while the step is travelling to
the open end of the line. When this current wave reaches the
end of the line at t=t,, the one-way transit time for the
line, f£ is reflected as a current step —I-(the reflection
coefficient p for an open circﬁit terminatidn'&s -1). At
t=2£;,'this negative‘current{sgep'-l'réaches the transistor

end of the line and, as indicated in the reflection- chart of

Fig.8(c), is again‘reflecteﬁ as (-1)p', where p' is the
_ s 23att r® \ . .

réflectiBﬁfCOeﬁficienfupt the collector. Hence,'the total
o v SR i _
. line current at t=2t,+ gg



i(2t;+)=I-I‘Ip'=-Ip'
S(-V/( Zo*R)) ((R /Zo)-1)/ ((R,/Zo)*1) (8)
1f a single pulse 1s desired, 1.e., 1(2t,+)=0, then rhe‘
load resistance RL must be equal to the delay line
characteristic ﬁmp¢5ance Zo. In this casé, when the current
pulse reaches Ehe collgctor, no reflection occurs and the
‘magnitude Qf the current pulse drops to zero. The line then

slowly begins again to charge towards BV, and the cycle 1is

R
repeated. ‘
. -3

Altogethér, the circuit of.Fig.8(a) would develop

across LI a pulse whose duration 2t, 1s tqntrollable by

adjusting the transmission line del&? time, that 1s, by

changing its length, and whose amplitude V, 1s adjustable by

changing R[j Zo and V in®accordance with the relationship

Ve=+i(0+) R =+V Zo+R ). 9)
o 1( ) L RL/( ] L)~ ~ (
For the tase of single pulse generation, i.e., with
R =Zo,
L . ,
Vo=+i(0+)R = +V/2=(V - -BV _ )/2. - . (10)
, L _ cc CEO .

A practicai way to decrease the characteristic
impedance Z, 1s to connect a few 50 ohm coax égﬁle lines in
parallel. For éxample, 10 lines were connecped in paralle{
in.order tQ‘obtain al4 amp’ current pulse for the .operation
of the SG-2001 laser diode. Thus, teR‘SO ohm lines in
para;lel gives a line witﬁ charaéteristic ;mpedaﬁce’of Zo =
S‘ohh. For this case, using (7) and the experimental values
of.i°=5,ohm ,BVbH)=SO V and V.. %-160 V yields

1==V/(Zo*Ry )= (V.. ~BVcgg )/(Zé*&,);’ ‘“\ '1!1”
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or 1=(160-50)/(5+5)=11 amp.
For the 1.3 um laser diode, the threshold current was
only 110 mA so a single 50 ohm coaxial cable was usec. Thus,
_using (11) yields
1=(160-50)/(50+50)=1.1 amp.

Attenuators were used to further reduce the current
pulse amplitude to the desired level.
2.1.4 Tr;nsistar Selection

The published values of BV(%O'and Bv(mu for specific
transistors are hardly reliable as criteria for choosing ;
transistor, because they often represent only guaranteed
values. Measured values could be up to three timeé as large
as the minimum values spécified‘[16]. The values obtained
from data sheets on the maximum collector current are
similarly unreliable. Depending on the pulse width in thé
nanosecond region; some transistors can switch up to 100
times their narmal collector current. Ahothef difficulty
arises with the published transit frequency, f., in that
this linegr &ode parémeter is nof simply related to the
switéhing eed in thg—avalanche‘mode, However, according to
Zuhike [17], only fast switching tranéistofs are also fast
avalanche transiStors,_‘ . | |

, Based on the above remarks and preliminary laboratory

testing;‘the Motorola MMT.3904 was chosgﬁ for this project.
It is a transistor.designed_ﬁor“generai purpose switching'

~and ampligierVapplicatiohs; Other reasons that dictated this
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choic? were the very small dimensions of the device, its
ability to sustain high enough collector{tofbaée voltage
without avalanching (160 volts), its relatively short rise
(13 nsec) and fall (11 nsec) times, and its availability.
The data sheets for the MMT 3904 are repfoduced I'n Appendix

1.

2.1.5 Pulse Width

The velocity of propagation of electfomagnetic waves in
the coaxial cable used (RG 58 A/U) 1is equal go 66% of the
speed. of light in vacuum. Also, as 1t was shown in thé
preceeding sﬁbsection,.the current output pulse, generated by

the avalanche\ ¢ircuit has a duration equal to the time a

~

wave takes to pogpagate from .the transistor to the end of

the discharge line\) and back. For example,®>in order to

generate an impulse having.a duration of one nanosecond, the

length ] of the discharge line has to be , %

=(1/2)} (1x10-°/(0.66x3x10°%)) meters=10 cm.
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Magni;ude (arbitrary units)
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o " Time (ns co

“Fig.v'OUtput current pulses f;om'theQéVAIanchg

« transistor when the discharge line length'] is

" varied.:
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F1g.9 shows the change in the waveshape of the current
pulse when the discharge line is gradually shortened from 50
cm to 2 cm. The slope of the rising edge, for all curves, %s
approximately the same and is paused mainly by parasitic:
inductance in the circuit. For example, for a 50 cm
‘discharge line, the rise time of the pulse (defined as the

\1nterval of time required for the pulse to rise from 10% to

90% of its plateau value) is about 1.4 nsec. But, in theory,

if a 50 ohm delay line of 2 cm is used, the pul width
across the load resistance should be

a

AT=2/(0.66x3x10"%)sec=200 psec. - ‘ 4

Seemingly, the avalenche transistor would be turned off
by the reflected pulse before'the output current'pulss has
reached its full swing! In°*fact, for any line with a oelay‘
time shorter than one helf of the observed transistor rise
time,i.é.)'700 picoseconos, this feeture is observed. It is
clear*from the resultsvillustréted_ih Fig.9 that for anyA
length'shorter_than ~16 cm, the outputlcurrent.pulse does :
not reach its full amplitude‘»For a*discharge 1ine of 2 cm,
'the output current pulse amplltude is down to one thlrd of
the one obtalnedzwlth a 50 cm line, ~and for any lengths'

» shorter than 2'cm, ‘the reflectlons follow;ng the main pulsev
were of unacceptably large levels (up to one haif of the |

peak,amplltude)‘ For this reason, it was’ dec1ded that a:

-_length‘oriz cm yas opt}mai<$or the aotUallcerUIt layout,

e : o e . ) . '

~a . . .
e - . .
. . ( N



bg@ging in mind that one of the objectives was to obtain a
¢ \ . | .
minimum pulse duration.

Although it was possible to operate the circuit in the
r N

avalanche mode for V__. values between 100 and 230 volts, V..
ol ‘ .
was fixed at the middle of this range (1.e. 160 volts) to

s

realize both reliane opépation and a minimum number of,
external attenuéto;s on the output line (each external
attenuator unavoidably slighfly degrédes the pulse ,
rise~time).

Thus, the final version of the electrical 1impulse

4

generator was delivering a signal having an amplitude of 18

o 14 .
Nolts‘Fnd a duration of 4390 psec into a 50 ohm load. A

\

'*fypical output impulse and its freguency spectrum are

.

'presentéd in Figs. 10 and- 11, respéctively. The frequency

;» data was obtained with the FFT program described in chapter

.

4.

-~
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1.6 Further Pulsewidth Reduction

The rising edge of the cutrent,pulse could be sharpened
by reducing the physical dimensions of the circuit using
microstrip design procedures. Also, in the waveform labelled
]=20 cm in Fig.9, 1t 1is noticeable that the trailing edge is
not very sharp. The reason for this is that the transistor
internal impedance changes during switching [16]. This_
substantial distortion and the fact that the duration of the
output pulse is fixed by the length of the line are 1n fact
the main disadvantages of this pulse circuit. Nevertheless,
it is possible to lessen theee undesirable effects. Two
methods will be mentioned hefe, since a very similiar
version of the circuit illustrated in Fig.8.(a) was finally
used. 5
One way tO'dedrease the fal}—time is to have the
avalanche transistot not turned off by the reflected pulee
but by ad additional\pulse genefated by @8 second avalanche

transistor at the end of the delay line [18](see Fig.12(a)).

“Another way to 1e§sen the fall-time 1is to u;e a second

transistor o generate a second pulse approxlmatly 350 psec

after the original pulse, 1nverted through a pulse

. : : , v . b
transformer, and added te,the original pulse (see

\ v
'Fig.12(b)). A typical output pulse from this circuit 1s

presented in Flg 13 .This pulse has a damped- 51nuso1d shape
but the p051t1ve port1on 1§\shorter than the orlglnal pUlSEw

(410 psec cqmpared to 490 p;ec or1g1nally).
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»

Fig.12 Electrical pulse generators using two

transistors (a) at each end '§f the transmission

line; and-(b) in parallel.
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Fig.13 Output of a pulse generator using two

transistors in parallel.
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The negative portion (overshoot in Fig.13) of this new
pulse Qould not have been of real concern if this circuit
had been used to pulse the laser, since it would have been
possible to simply add this pulse to‘a d.c. current source
connected to the laser (a necessa;y complicétion fo satisfy
the requirement that a laser diode must never be subjected
to a large reverse voltage and the d.c.’source provides the
laser threshold current). In this biasing configuration; the

optical output power is limited to very small variations

during the negatiwe input pulse excursion.
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2.2 Laser Diode Pulsing
The direct modulation performance of solid state
heterostructure lasers has received considerable attention
in recent years. To eliminate the well known lasing\delay
(for example, see [19]), the devices are usually ope;éged
with a continuou§ guiescent current near the threshglé and
the modulation i's produced by a relatively small/éulSed
current superimposed én 1t. One of the principai features to
have received both experimental [20-21) and theo;egical
[22-23] attention is the appearance of damped osciilatidns
in the optical output when the laser is subjected to a step
increase in the drive current. Ripper and Dymeﬁt [24] were
the first, in 1968, to 6btain internally Q-switched light
pulses from a junction laser; Using specially fabricated
diodes, they detectediharrO& bursts of light immediatly
after the termination of the injection current pulse. These
authbrs later repbrted [25] thét at lower currents 1in the
Q-switching region, a single light spike,vwhose width was
about 300 psec, was observed. The optical .impulse generator
described herein uses this Q—switched léser_mode. |
The ].3 um laser diodé pulsing circuit'wili be

describgd first in this section; A review of semibondhctdr
- laser Qtswitcging‘phenomena will then be presented followed

fby'a presentation of experimental fesults.'Einally, a |
' ‘discﬁssion‘on the stability of the generated~opti¢al buisés
“and on the design of a double o?;icalinISelgeneratof will
tefmingte'this section; o |

E}
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2.2.1 Laser Diode Pulsing Circuit o
The laser diode quieécent optical output power was
controlled through a very low frequéﬁcy optical feedback
loop. HoweQer,‘this part of the circuitry will not be
discussed here. It will only be mentioned, with reference to

Fig.14, that this circult controls the laser guiescent

current 1 (which is equal to the FET drain current 1,) by

.

controlling the voltage V,. .

| from electrical pulse generator

Fig.14 Laser diode pulsing circuit. ,

Because‘the gate—to—soufce‘leakagé currénf, designated
%SS , hés a éypidal value’of 107'° to 1Q"3 amp; the input
impedance_a;‘the gate electrode is exﬁremely high and the
voltage drop across Ry is negiigible. Thus the'Qoltage VvV, is

equal to fhe.boltage between the gate,and the source (V%g);

# laser quiescent current is controlled by-varying the

(S

current I, flowing through R; , which is eqguivalent to
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-~ ¢ x,,"

controlling the V.g voltage: o
Te=Te,, (1-V.(/Vy)?, (12)

where I,., is the drain saturation current and V. 1s the
pinch-off voltagé;

As mentioned earlier, the laser diode used fbr this
project had a threshold current of ~110 mA. ANNEC NES002
microwave GaAs power FET was used to control the laser
current. This n-channel device waglchosen because of its
high value of 1,,,, namely 450 mA typical, for its very wide
bandwidth (this FET is specified for amplifier and
oscil&ator applications up to 20 GHz), and for its very
small size. The data sheets‘for this transistor are
reproduced in Appendix 1.

The nog—d.c. part of’the pulsing circuilt shown in
Fig. 14 Qiilgnow be examined. The short electrical pulses
éenerated by tge avalanche circuit are coupled through R,
'and c, directly to the gate terminal of the FET. C, 1s a 2
nanofarads (nF) coupling capacitor; The value of the
resistor R; was experimentally chosen to provide a 50 ohm
input impedance at the gate,électroae, in order to prevent
any'signal‘reflection baék'to the avalanche cirégit.’lts
value was 68 ohm. A typical characteristic curve fér a
n-channel FET is shown ih'Fig.15(a): ?ig.15(b) represénts an
ekpefimental power—curfegt‘curye obtained with the 1.3 Am'
iaser,diodé. . : |

| The specified va}ues-bf andvvr)fb: the NE9002 aré

450 mA and -3.5 V, respectively. Thus in order to obtain a
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L (mA)

Fig.15 (a) Charactecistic voltage-current curve of a

typical n-channel’ FET (b) Optical output power
versus current for a .3 um laser diode.

laser current of 110 mA, the requived value of Vg 1s
obtained from (12):
- - 2
G_Idsa (1 VCS/VP)
VCS=(1_VIG/Id|:)VP
-\ 10mA,450mA) (-

17TV

THe capacxtor C, is used to supply the necessary

current pu13e to the laser during the E&an51ent.;lts value

was chosen large enough (100 nF) to not have any noticeable

effect on the shape of the der 'pulse.

The dimensions of the pufsing c1rcu1t were m1n1mum in

~ -

order to limit para51t;c inductances. For example, a

S ~ _
lend?h‘of wire (size AWG 26) has an inductance of ~9
nanohenrles (nH) Therefore} in a 50 ohm system, this'

relat1vely short element wouid have a t1me constant of

[
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r=L/R=9x10" °/50 sec
=188 psec.

Thus the time required for the current through, or
voltagé across, this element to reach 100%’of’&ts final.
valud i a 50 ohm system would be apbroximatly 57, or ~1
nsec. Clearly, the dimensioﬁs inkthe critical locations of
the circuit héd to be kept in the millimeter range. Examples
are the connections between R;, C, and the gate, between the
source and the ground, between  the lase; diode and the

drain, and also between the laser diode and C,.

2.2.2 Q-Switching Laser Diodes

Dyment and Rippér [27] have proposed that_the?narféw
pulses ;ccuring after the termination of the=injection
current, i.e., the Q-switched light pulses, were controlled
by tfapping centres that behave like double acceptors. Sih;e
a detailed discussion and mathematical development of this
trapping mbdel are presented elsewhere [28]-{29] and are
beyond the scope of this work, only the essential features
of the ﬁodel will be given.

In their singly"ionized_s;ates, the éemiconduchr traps
are optically absorbing energy ané iﬁéroducé a largé ISSSl
into the cavity. Within certain'ranges of tempefaturé and
.current defined by region II of Fig.16 (fof theiL-ﬁ37419
Adiode), this' loss is large enough to prevent any laSihg

throughout the entire duration of the current pulse.
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Fig.16 Quiescent current vs temperature (or the’,
L-137-19 laser diode. ‘ :

AR 5

P

Upon termination of the current pulse, most traps aqs
rapxdly transferred from the1r absorblng states 2\ ‘
(s1ngly ionized) to their nonabsorblng states:
(doubly-ionized). The resultlng reducé%pn,ln loss allows
those injected carrlers that have not yet spontaneously .
tecomblned to produceanarrow stlmulated Q- SWltChed l1ght

pulse. In Fig. 16 this behavxor 1s d15t1ngu1shed fromftﬁe 1
/Akbehav1or in" the normal. reglon I. (where 1a51ng occurs dur1ng
\ .

the 1n]ectlon current pulse) and the spontaneous em1551on

tj\\
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region 111 (where no lasing occurs during ggggftér the
injection pulse).

Dyment ,Ripper' and Roldan reported in 1969 [25] that
their measurements on various laser diodes showed tha£ the
single light spike behavior reported earlier [24] only
occurs for the lower currents in the Q—switchihg region. At

/ .
higher currents, additional light spikes were appearing,;

whose widths and spacings both decreased as the current was

increased. Fig.17 [25] shows typical data.

®e

ﬂﬁ&ﬂamww! (h) 3.00 amperes
e T

Fig.17 Q-Sﬁitched opt;cal_spikes.

. Theflasér diOdé’temperétﬁrefwas held fixed whilévthef
current amplltude was 1ncreased from the threshold for

Q- sw1tch1ng to\much larger currents. Near the threshold for

Vo
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QO-switching, a single light.'spike, which was ~300 psec wide’,
: 0
was initially observed. As the current was increased. the

2
amplitude of the initial spike . increased and its width
_decreased. At sufficiently high currents, second and third

”spikfs were observed by these authors.

§

. 3 . T ‘ -
2.2.3 Experimental Results

_’ﬁDyment et al's éxperimeﬁtal procedure was adopted. The
quieséénﬁ current’éf,the laser was grédpally increased ffom
a Qalue (~60 mA)rmuch lower than the threshold current,
while 220 mvV, 480 psec pulsés,were applied to the‘gate of
‘the FET. Thesé,pﬁlses veré applied_at the low repetition
rate of 3 KHz to limit the lasér péﬁer disgipation.

When the laser guiescent current was maintained at 100

h | 5 was“equal.tov—1.87 Vf The
small-signal tfanscopductance at this operating point can be

mA, the control voltage VC

a

‘calculated [26]

=-2(1-(-1.87)/(~3.5))(a56/3.5)
=120 mA/V. : - | Vb
ThQS, a pulse of 220‘mv‘qpplied‘at the gate, when

YF§=—1.87 V,‘w?uldvgenerate é'current»pulse'through the

"%féef'ﬂavihé an ampliﬁﬁde of 120 mA/V- x 220 mV = 26 mA on
‘;top'of the'qﬁiésdent cUrfént of 100 @A. Thus, when the laser
'qu{gscgnt cgrrenﬁ i$~gfaaually increased from 60 mA to .
;alues*apbrééching the threéholdvyalue of 110 mA, it is

‘¢lear that lasing actipn Sta:ts at a quiescent current of
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110 - 26 = B4 mA. Furthermore, at a quiescent current of 100
mA, the laser will experience a peak value of 100 mA + 26 mA
- 126 mA. It was found experimentally that the onset of
Q-switched light spikes was at a laser quiescen£ current of
~ 90 mA (for an input electrical volﬁége pulse of 220 mV).
At this value of current , single Q—switched pulses were
observed. When‘the laser current wés further 1ncreased,
multiple spikes appeared at the output of the laser. Results
are presented in Figs.19 to 2} for the case‘where the input
current pulse had a duratioﬁ of 1.3 nsec. The shépe of this
current pulse is shown in Fig.25 and the experimental set-up

used ‘to record these waveforms if sketched in Fig.18.

v
gunc%ign
Heﬂe 2ot laser_pigtail
8116a -
L m Sl e d(.;(;;;;(;r
laser N ;
‘ lenses
Tektronix
7854
sampling ,
Scope )
w553 S4

Fi§.18 Q-Switched pulses measuring set-up.
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Care was taken throughout these experiments to ensure
that the spikes observed were not caused by ringing 1n
either the driving or the deéection circult. First, the
currenffpulse shape (see Fig.25) was found to be unrelated
to the observed optical pulses. Seéondly, reflected signals
due to impedance mismatch were ruled out as a causative
~effect by varying the cable length to the 50 ohm laser diode
termination, and to the sampling scope. Variétion of these
lengths did not alter the optical pulse shapes. We finally
considered the possibility . that the variations in the
separa?ion between the optical pulses'were due to some kind
of saturation of the detector. This possibility was
eliminatea by reducing tpe fight intensity with neutral
density filters. The optical pulse shape remained unchanged.
It is safe to conclude that the shape changes evident 1in 1
Figs.19 to 24 are caused by the characteristics of the laser
diode itself. 4
The risetime of the detector used (an APD available

from Antel Corp. having the part no. AR-G15) for t above.

measurements was 90 psec, and 1ts pulse broadening. was
quoted by thé supplier as 200 psec (the Ruli width Hal
Maximum (FwﬁMi yalﬁe, represented by the letter r). Th
this detector could be reliably used for duration
,meaéuréments‘oﬁ pulse of this order of magnitude or greatef

’

using the relation M

T act = /(nméy)z-(ZOO‘psec)z . o (14)
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l,The first pulse in Fig.19 is close to 200 psec in
duration and a more accurate rise-time was found using a
faster detector (Antel's Pin photodiode AR-G10) which has a
risetime of 50 psec and a pulse response-broadening of 75
psec. A single optical pulse,@f‘127 psec duration at FWHM
was recorded and is presented>in Fig.26 followed by 1ts p

13
computed frequency spectrum in Fig.27.

The optical fiber links that were to be tested in this ?
project were expected to have a bandwidth-distance product

of ~ 1.2 GHz knf, or apptoximatly 150 MHz for a length of 8

km , or approximatly 260 MHz for a length of 4.5 kﬁ.
Consequently, the optical impulge genérator illgstrated in
Fi§.14 was adequate for this project gecause.the pdlse

generated contained a large spectral content out to about

1.24 GHz (seevFig.27);
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In order to verify the long term stability of the.
i

optical pulse generator, it was turned on and leg} running
for appréximately’30 min. Then, a waveform was recorded, and
1ts freqﬁency spectrum was computéd (see Figs. 28 and 29,
respectively). The pﬁlse generator was then left runn§;g for
another hour when a second pulse was recorded. This hopf 1s
the approximate time it would take in the field to drive
from one end of a fiber link to the other. This second
waveform as well as 1ts computed fregquency céntent are shown
in Figs. 30 and 31, respectively. The two recorded signals
were identical in the time domain as well as in the
frequency domafn and the stability of the opticél pulse

generator was thus confirmed.

}
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2.2.4 Double Pulse Generator

Fér practical reasons (triggering of the oscilloscope
at ;he,far end of ghe fiber) a double pulse generator was .
needed. This unit was designed around two independent

agilanche transisto; circuits enclosed in the same box. Each
pulser had its own discharge line and trigger circuit and
could be’used as separate pulse generators. One of tﬁe
discharge lines had a fixed length of 2 cm and was used to
generate optimal narrow electrical pulses. The secohd was
designed to produce a pulse of variable auration by pluggihg

in the desired length of 50 ohm coax cable, as shown in

Fig,32. .

trigger. .
trigger

to 50N to 5NV
load _ load

Fig.32 Double pulse generator circuit.

{
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3. Optical Signal'Detection

In this chapter, the experimental set-up used to detect
the very weak optical signals at the output of the fiber
link will be described. The diffefent equipment used will be
described in the following order: tﬁe V-groove connector,
lenses, micropositioners, avalanche photodiode (APD),
wideband amplifier, sampling scope and the matching netWofk.
The chapter will conclude with a description of the
triggering scheme. Fig.33 shows the lbng;distance
measurement set-up used in the field and will be referred to

A

in the following discussion.
laser pigtaj
;0

8116A 7. _nsec #//
function O 1'3/“m V—Q(K.RHI\{S(‘C(H‘
generator laser ——£::l—{55}———ﬁ

- : ;J A
v pulser

tested
2465 10X 10X fiber
scone 5X
v
7854 >X ‘
scope am
553 S4 AP 0/ LS
] ' ' ™ micrgpositiﬁncrs
QQree—port ’ — & lenses

Fig.33'Long—dis£ance eigefimeqtal»se;-up.

e
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3.1 Optical Equipment

The 1.3 um laser diode module used for this project (a
‘Northern Telecom QLS-3A mgdule) was equipped with & 50 um
core multimode fiber pigtail. The optical powerravailable
from the output of this pigtail, at a guiescent current of
125 mA, is approximatly 0.75 milliWatt (mW). In order to
couple this power efficiently into the fiber, a V-groove
connector was used to butt-join the two ends. The space
surrounding the two ends was filled with an index-matching
liquid (glycerine) to maximize the coupling efficiency.
Measurements using an”optical time-domain reflect;meter
(OTDR) (a Tektronix OF150 fiber optics TDR).showgd that
“coupling losses in the order of 1 to 1.5 dB were generélly-
attained. Thus, in the worst case, the amount of -power that
would be cbubledlinto the fiber (at a laser quiescent
current of 125 mA, for example) is

-1.5 dB

10"L<’>G(Pin/ppigtail y= 10 L;OG(Pin/O.75rﬁ‘W).
Thus, P, = 0,53 mW. |

At the output of the}fiser, lenses had to be used to
‘recover the optical Signal insfead of a V-groer'COnneqtor,
because the APD waé.not equipped with a pigtail. Fig.34
 shows a photo of the lenses, thé APD , and tﬁe‘

S _
m1cr0p051t10ners. Fig. 35 ;hows a schematlc of the detect1on/ﬁa

‘i set—up.'\ -_ R | (;j/ x““u./j



Fig.34 Lenses, APD. and micropositionners.
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o| lo||o _ , -
N APD
lenses : Jﬁo
. wideband
amplifier

fiber end.

fiber holder

micropositionners

Q

Fig.35 Detection set-up schematic. ‘ \
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/ N
The APP ﬁounting had a flat Qindow in front of the

detector area, and the gain of the detector could be varied
from 1 to 30 by adjusting the bias. The rise-time of this
device (aﬁ Antel Corp. model AR-G15) was 90 psec and its
pulse response 7 was 200 psec. It is shown 1n chapter 4 that
in the case of a purely Gaussian signal, the duration (FWHM)
and the roll-off frequency, symbolized by 7 and f;e
respectively, can be related by the relation
{f;4)(7)=0.3120. Therefore, assuming that the generated
optical pulseé have a shape very close to a pure Gaussian,
the f; g frequency of thé detector 1is \'
|
338

f,. = (0.3120/200 psec) = *.6 GHz. o
\ ' -

The two micropositioners were used to precisely align
the far ehnd of the fiber on the active area of the detector

in order to collect the maximum output optical power.

3.2 Wideband Amplifier
The wideband émplifier was designed fo operate at
frequencies mucﬁ.higher than the rollﬁdff frequencies of the
shottest fibeéé to be tested. These shortest fibers had an
approximéte leggth of 4500 m, and a roll-off ffequency of
' ~130 MHz. Hence, an amplifierAhaving'é passband of at least
twiCé this frequency;was desiénéd. .
The<§mpiifierv;as'buiit around two integrated circuits
"cascaded,“nameiy'thé NEC's -MM766 and MM765 amplifiers, as

shown in Fig.36. The frequenty,spectqym of the amplifier was

 measured.using a .wideband noise source (a Hewlett-Packard
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=040 ohm

. "(:7:]()”() p[" o
,l,l,_j:-" turns
enamel wir.

iron core. .
[ =MMT66
[1="M765

Fig.36 Block diagram of the widebahd amplifier.
. . ) )
model no.HP346B} in tandem with a noise figure meter

(a

HPB970A). The gain of the amplifier was measured from 60 MHz

to 1500+4MHz, in increments of 20 MHz.

| 811ea ' \ : ) : .

%
sampling

pulsy ‘ : .
8116A enera(fr . g > f
1. 3/(‘1"[1 0 SCOpe

[ | R

g ’ N .
. laser ]AP 1 (input
recorded)
pulse ~n
generator
- Y

sampl ing

] ' - scope
| | — | (output,
| | ’ . “a 2.C 1ed.

| | ' ¥ amplifier KSLOde( ‘
a . \ o . | . _ N
o Fi1g.37 Amplifier gain measurement set-upy - N 2

1. 3um ’f 2 fﬁi -,

laser . .




61

The results of these measurements are shown 1n }ig.3§
and yield a roll-off frequency of ~650 MHz. The freguency
spectrum of the amplifier was also measured using the
tigé*domain technique that will be described i1n the next
chapter, and the eqguipment set-up for this measurement is
shown in Fig.37. The results,—shown 1in Fig.39, yield al§o to

&

the same roll-off frequency.
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3.3 Sampling Scope
In order to detect

Tektronix 7854 Sampling

following plug-in units:

Head and a S$-53 Trigger
~configuration, the 7854
F1g9.40 shows a photo of

units.

s S p,enwn%mmmm

.

Y
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very narroy optical pulses, a

scope was used, together with the

a 7512 TDR-Saﬁpler, a S-4 Sampling
Recdgnizef Head. With this |
scope has a risetime of 25 psec. ®
the ;ampling scope and the plug-in

&

i

“

Fig. 40 Sampliné scope and/blug4in:unitsg _'_f

The 7854 sampllng scope was used to sample a d1splayed;:"

. ’ (
waveform and to store the dlgltlzed data in its 1nternal

o g

+
7

memory To remove the random n01se whlch may be present o

" the real t1me waveform,‘and to increase the accuracy of the'

[



65
»
R

dlgitized waveform, repetitive samples of the displayed
signal were taken, and then averaged by the scobe. The
processor on the 7854 repeatedlyrre-acquires the real-time
vwaveforms, dlgltlzes and averages them then accumulates this
data as a stored waveform. The result is that at the end of

stbhe averaging, the stored waveform is equal to the algebralc

Lkl

L s A mean value. of typically 200 1nd1v1dual waveforms.

‘The time increment between the sampled points of the’

averaged waveforms has to satisfy the Nyquist sampling

theorem. This topic will+be discussed in more detail in N

~chapter. 4, but fof now it 'will ,only be mentioned that the

number ©of samples}per waveform was 256. \

The S—4 sémpling head has a risetime-oﬁ 25 psec. Thus
even for the fastest signals measuredgfor thfs'project, i.er"
‘pulses hav1ng“rlset1mes of ~100-psec,9the effect'of the
sampling scope on the detected opticazvpulse>rlset1me was |

ah ‘

— negll%lble (see eqn 4), l o o [ f&.v‘

:( ‘ The S 53 tr1gger.wecogn1zer head wes used together w1th

T 3 g
. th° S 4 to prov1de a trlgger for the fatter A delay/of ~70 .

f nsec had ‘to be prov1ded between the arrfvdl“or the trlgger

pulse to t%@ S- 53 and the arrlval of the\51gnal to be L

\
W e °

dlsplayed bo the S- 4 ‘One way to reallse thls delay is to
- generate pulsés at a rate of 1/70 nsec =g‘.5MHz, each pulse
3 ™ . e ’ = "'u “‘,

- S

serv1ng as a trlgger for the follow;ng oqe ;Another way is

=3
if

- to generate double pulses separated by 70 nsec, at a. much

B v/\, u

lower rate 1f de51red 'In order to 11m1t the duty factor of

the laset and thus to m1n1m1ze 1ts power dlss;patlon,ythe

P .';,'T _1 R R ) . S N
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laﬁter method was chosen and a double dptical pulse
generater was designed.

The schematic of the double‘optical pulse generator 1s
shewn in Fig.41 and 1s based on the double electrical pulse"

generator discussed 1in chapter 2 and 1llustrated in F1g.32.

81164 /onsec
8 delav
I -
BlL16A fs:HIL=3 V iser
A refs: = ) -
‘ rtaijl
LOL=0 V gZYEi; . . pistali
FRO=10 KHz e A
P.W.=20 nsec 10K1J 10\LJ ‘
Pulse gen.:V =160V - 1
ce 1.3 um
laser

5X

> module

Fig.41 Double optical pulse generator schematic.

&
S

T ¥

o
&

The trigger signal‘waé leading the very short pulse by - o
\70‘nsec{ This was done by using a section of 14 m of coax

cable to delay the avalanche ‘trigger, as. shown in Flg 41

3.4 Matching Network - | _ o s

A three~port‘50 ohm matching network was‘designed'to
functlon as a 51gnal splltter (or 51gnal comblner) "This

‘-4.

un1; was 1ntended to be used for coupllng the" outputs of the

2%

‘double e4ectr1cal pulse generator, and for spllttlng the_}bﬂ‘

output of the wldeband ampllfler in order to prov1de “a”

e

“" . . ’ v
. S . ). . ‘ _ R

Co 0" ! L - ’ - ®* X L ' ‘x)‘,',
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trigger signal to the $-53. Single-sided PC board, copper
tape and three 16.6 ohm chip resistors were used in the

circuit shown in Fig.42.

to 50N : ANN— to 50N
A ‘
I ! '
. | t
] !
! Rl% ! R]=16.(> ohm
) !
| ] '
| .

matching 7 [\_______._;_%____Z___,

network in

7. =R, +(R +50)/2
in | 1

cihL6+(16.6+50)
to 50 f? =,44.9 ohm

Fig.42 Threé—port matching network circuit.

N

5 |
This matching network may also be called a 6 dB

divider, since the current comming into one of the.three
branches is split equally between each of the other

branches. Thus the power loés'bbtween the ihput.branch and

elther of the two output branches is given by "'éu ’

10 lo_g(P /p.,. =10, log( R(I.,,/z) /RI.,,Z) ='*~6 dB.
Inla'situatlon where substantlal power. loss can be
'tolerated an attenuator can be used to 1mprove ‘the match1ng

of ‘a 11ne to an unusual load 1mpedance, as shown in- Flg 43

A .

For example,-a 10X attenuator termlnated in a 25 ohm

re51stor has an 1nput-re51stance of

0
o A
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T T _'l 4
; Ry R ;
——————f~—A/Vﬂ, AVAVY,' |
N -
! |
“in ! §R) | i»\n
| '
' I P,
!
10X attenuator L L Rl Voo
. R o=9.9" N

Fig.43 Attenuator used a matching network.

A

S

R, =Ry +R;(R,+25)/(R,+R;*+ 25)

N
.28+9.52(41.28+25)/(41.28+9.52+25)=49.6 ohm,
which is very close to a perfect match. Thus, attenuators
were used in the doublg optical pulse generator circuit to
improye the matching between the two avalanche ge;erator,

&
outputs. The two attenuated electrical outputs were added

together with a BNC.adaptOr, as shown in Fig.44.

. Calculatlons were requ1red to determlne the expected o

%f the flber optic llnks

C 3. 5 Tr1gger1ng Procedures

optrcal power levels at the far end
to be’ tested For a startzng p01nt the 1nput ‘power was

: taken as. the value of coupled optlcal power calculated at‘
the beglnnlng of thxs chapter, . O 53 mw A typ1ca1

wlength of 8 km of mult1mode graded index fxber was js%umed

- ’f;._ . i . K . )
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R -
YN H _/\
¢,
Re
=100 KN - r DU he 1.3
l’ 2 i_J\ AN ANNA p to the 1.3 um
’Rj =1 k£l : : . laser diode
l,c2—10 nF DX :

Fig.44 Combining circuit for the double pulse generator.

to have an attenuatlon of ~ 3 dB/Km at 1.3 um The optlcal

output power after propagatlon through ‘this flber would bel

. ,approx1mately g1ven by‘ ' ] | _ ;
~ Pout = P,, « (fiber 1oss) o s
= -2.76 dBm - (8 x 3.0 dB) = -26.76 dBm |

* -
The respon51v1ty of the APD is approxlmatly 0. 16 A/W at
\

51 3 Qm. So, even 1f half of the pOWer would be . recovered at.‘
‘the Qutput of the f1ber (whlch 1s unllkely because of the

. "losses through the’ glass to-air 1nterface, the lenses and

} f”i .the de#ector wzndow) and 1f the APD would be biased to
‘jfgfprov1de a ga1n of 15 the output voltage at the detector

1;9 . would oégy be o q, :i 1 ..‘t\ w R }
S (@2 1000 (0. 15)(50)(15) <ozamv.

[

PN N T - o oo i . . e : . N
E: - i c : . . o - . -
. N . . . . : : . K]
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4

' ‘ *
1f a wideband amplifier havzng a gain of 40 dB would be

used at the output of the detector, the voltage available at
the output of the amplifier would be ~24 mV. If'thls signal
was reduced even furtherlafterrpasslng through a matching
network (6 dB), the‘signel received by the sampling.head
(s-4) would be very weak. Preliminafy tests in ‘the la?
showed that signals having an amplitude of 10 mV or lees
were very hard to display on the sampling scope. For this
rea;on, a different tFiggering procedure was deviseda

A 300 MHz real-time oscillpscopevwas available in the °
lab. This unit (a Tektronix 2465) had excellent trlgger ) ;T{
circuitry that allowed the dls;la§tof very weak s:gnals (~ 2
mV), and had also the capablllty of generating an output

-

signal proportlonal to one of its input channels So, to

N -

ease the problem of detectlon of very weak optical s1gnals

the two osc1lloscopes mentioned above vere used'rn‘taqdem as,
shown in ?ig.33. The eutput‘bf,thew2465 oec{lloscope'eas
prdviding'the tri?ger for the Sf53;iahdi£he ma;ching network

discussed above was used to provide ihputs to the two
4 . . . . R

oscilloscopes.

[N



4. SIGNAL PROCESSING
Successful completion of this project necessttated the
“development of a data acquisition system consisting of the
Tektronix 7854 sampling oscilloscope, an IBM XT personal
computer and an HP 70905 plotter. Digitized waveforms were
transmitted from the sampling scope to the IBM XT which was
then used to compute the spectral ¢ontent and to control the

o

graphical plotter dlsplay

Th1s chapter will cover the signal proce551ng aspects
ﬁﬁthls progect F1rst ‘a descrlptlon will be given of the:
program that transfers the data from the sampling scope to
the_computer. Then,'the technique of converting'tlme—domaln
response into frequenty~domafn characteristics.(the Fast
Fourier Transform (FFT) operation) will be analysed. The
discussion will cover the windowing proolem'and the control'
of ‘the leafagé‘and aliasing errors. Finally, the other |
7programs used for“the"calculation and the_display of the
frequency spectrumgpf the'fiber'will be discussed. 4 '

p

4.1. Data Transfer Program

iy
.

A program was . wrltten to trans¥er the d1g1tlzed
-

‘waveforms from the sampllng scope to the computer (an IBM

eHmodel XT) The hardware was based on -a.-PC- Mate IEEE 488

e'ﬂf

"ulnterface board and the program software was wrrtten~1n'

'Advanced Ba51c@and 1ncluded the IEEE%BB Software Package

3ﬁf§tfrom TECMAR Inc ) The PC Mate 488 board allowed the

) computer to be the system controller on the General Purpose,

)
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Interface Bus (GPIB). Access to the GPIB permitted transfer

!

of data to.the IBM RAMs, to the.dists, or to any peripheral
devices controlled by the IBM such as the 7854 sampling

scope, or the Hewlett-Packard HP7090A Plotter. _ \

Other than the transfer of data from the sampling scope
to the computer, the prpdram that was written allowed: (1)
data transfer from the computer to the sampling scope, (i1)
‘storage (or recovery) of waveforms to (or from) the 10 Mbits

hard disk (1i1) display of waveforms stored in the RAMs.
; : .

‘The f1na1 version _of thlS transfer. program called scope, 1s

reproduced in” Appendlx 2.
A :
In order to speed up the execution of the data
” ' .

transfer, a Basic Compiler Program was used. With .this

substantial modification, a typical transfer of 256 Samp%;s
T [ B : : Y
.from the' scope to the computer toobk approximately 15 sec. .

o

!

4.2 Fast Fourier Transform* g
The techniques“of spectral analysis employing FOU{ier

transforms and Fourler series have long represented an
1mportant area of appllcatlon in contlnuous time 51gnal

proce551ng The development in- 1965 of the Coolequukey

s aLgorlthm [36] for the rapld computatlon of the approxlmate a%

_spectrum paved the way for new and var1ed appl1cat10ns of
. ' “a ¢ P! *
speotraJ analy51s.‘wlth this approach ‘the spectrum of a

—

A"S1gnal contalnlng many thdusands of sampled p01nts ‘can be

obtalned 1n a matter of mllllseconds on a very fast
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The Fést Foufier Transform (FFT) technique is well
documented in the literature-(gée [31]-[341]) andﬁwoh‘t be
analysed 1in detail here. The Céqley—Tukey algorithm will be
bcieflf descriséd in the next section along with the
precautions that were taken tb minimize the aliésing and

leakage errors.

-
B _ Q

P

4.2.1 :,Co'oley-Tukew FFT Algorithm

’ The FFT algorithm that was used is the standard wversioh
that Cogley and Tﬁiey introduced in~1965; It exploits the
various symmetries inhédré&nt in the definitign of the PFourier
‘1raqsform, in order to speed-up the calculations._Dﬁe to the
nature of the FFT algorithm, either the data fed to the
- program, 6r ébtained from it,‘must be interlaced ih'étder to
obtain the proper ordering of the 'output data. In the FFT
algorithm shown iq %ig.45, £he inputjdata'is interlaced,

prior to the execution of«the FFT. .

P N A ot

Ry



1500 N=2 M:NVZ=N/Z:NM1=N-1:J=1
1310 o
1520 FOR I=1 TO NM1 .
1530 IF I>=J THEN GOTO 1570
1540 T.REAL=X.REAL(J) :T.IMAG=X.IMAG(J)
1550 X.REAL(J)=X.REAL (I):X.IMAG(J)=X.IMAG(I)
1560 X.REAL(I)=T.REAL:X.IMAG(I)=T.IMAG
1570 K=NV2
1580 IF K>=J THEN GOTO 1620
1590 J=J-K . )
1600 K=K/2 - ' ‘ '
1610 GOXO 1580 - T )
1620 J=J+K ' s
1630 NEXT 1 . \
1640 . o : .
1650 P1=3.141592653589794
1660 CLS:M=INT (M+.5)
1670 FOR L=1 TO M r
1690 LE=2"L:LEl1=E/2 . oy
1700 U.REAL=1:U. IMAG=9.9999999D-2t
1710 IF ISIGN=1 THEN GOTO 1750
1720 W.REAL=COS(PL/LE1):W.IMAG=SIN(PI/LE1)
1740 GOTO 1770 o
1750 W.REAL=COS(PI/LE1) :W.IMAG=-SIN(PI/LE1)
1760 - . oo
1770 FOR J=1 TO LE1
1780 FOR I=J TO N STEP LE
1790 IP=I+LE1 '
1880 T.REAL=X.REAL (IP)*U.REAL - X.IMAG(IF)*U. IMAG
1890 T.IMAG=X.REAL (IP)*U.IMAG + X.IMAG(IP)*U.REAL
1900 X.REAL(IP)=X.REAL(I)-T.REAL
1910 X.IMAG(IP)=X.IMAG(I)-T.IMAG
1920 X.REAL(1)=X.REAL (1) +T.REAL
1930 X IMAG(I) =X. IMAG’(I)+T IMAG.
© 1940 NEXT 1 .
2000, T.REAL=U: REAL*W. REAL ~ U. IMAG*W. IMAG .
2010 T. IMAG=U.REAL*W. IMAG + U.]IMAG*W.REAL -
2014 U.REAL=T.REAL:U. IMAG=T. fMAG 2
2020° NEXT.J ‘
2030 NEXT L- 7

* . £

. L L : -

~ ~Fig.45 Fast Fourier transform (FFT) 'BASIC program.

. . d ) N .
ca LN .
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Turning a Fourier transforﬁ into the sampled data
version FFT.nearly always introduces error. The error known
as leakage and aliasing almost invariaoly occurs when
oontinuous time-domain wavefoims are subjectea to . ./
finite-time windowing ano sampling (both of these operations
are fundamental to the FFT); Let us first recall the
definition of the Fouriler transform ' L

x(f%-J}(t) Jz““dt, ) (15)
wﬁere x(t) is a continuous tloe ~-domain function and. X(f) ie'
!

the correspondlng frequency-domain funct1on for whlch the

1ntegrar 1s to be_evaluated. To transform x(t) dlgltally, P

-

the F&:iie}'transform mdge_ be restated as theqdlscrete

Fourief. transform (DFT) .
N-1 ;

X, (KAf)=At - .Zx(n- At)ep j2nkafna: e (16)
or, lettlng Af=Y/NAT, | o N
s N-1+ B . )
X, (kAf)=At Ix (nAt)e” -J2rkn/N : (17) -

where k and n= 0,1 ,2,...,N-1,_At is the time‘domain sampling

.interval, and N is the number of samples taken over the

interval of time (N-1)-At.. 2

L~

Now,7the‘FFT~program'shown'in Fig.45°is nothing more

‘than a computer algorithm that“efticiently‘evaluates the .

ﬁFT, SO its:mathematiCal.properties are‘completely
f
analoguous to the DFT s[35] Slmllarly, the errors
. 'Q

‘V,assoc1ated w1th the FFT derlve from the DFT Leakage erro:

3ar1ses from the fact that the waveform is. studled over only

a short per1od (or WIRdOW) of tlme, allas1ng error{arlses if

3L;the waveform 1s sampled at - too. slow a rate and plcket fence

¢ “ . g i N PN

]



- error arises %ue to the discrete nature of the DFT. These

errors ard discussed in turn in the following three
. e ¥ s
. sections.
oo o -
AR s 4 R . . . .
”€%§:§.2¢Leaka§e Errors (Decreased.by Windowing)
3

.Qhéthe;ihteéfal transform, time extegnds from -= to +=.

.4

¥y , ' .
'-}-?'In ‘the ﬁgete transform, only the time 1nterval covermg
'\the‘.N di

’?S%tfnuous function of time, a sine wave, 'Is assumed to

N

ete samé;es is considered. In Flg 46 a

exist over the time from —m;to‘*m; When‘this Sine"wave is

: \

'
transfqpmed into the -frequen¢y domain by an FFT algor1thm a-
data wlhaow (Flg 46(b)) must be deflned, and a segment of

the wavefqrm~is"9iewed»through this. window. ThusYy all o

7

knowledge'of the faveform‘s‘behevior before and after the

A}

- window is lost.

In eéffect; the wlndow of Flg 46(b) 1s a unity amplgtude "

~ ‘

pulse. The 51ne wave 1s "viewed" through the yindow when the

two are multiplled together. The result of this timﬁrdomain 2
> .

multlpllcatlon of F1gs 4e(a) and (b} is shown'in (c)

. Obv1ously the act of w1ﬁd0w1ng 1n the time domaln must also '}4

o’ R

ef%ect the s1gna1 1n the frequency domaln Flgs 46(d), (e )}

L

' 'and f) are the magnltudes of ”ovtler transforms of“{é);,

(5) and (c) respectlvely Slnre multlpilcatlon 1n ‘the tlme
’ s

domain corresponds to conwolut1on in the frequency domaln

F;g 46(f is‘Eroduced by convolv1ng the magnztude of plots
@ a0
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the major:-lobe. I

-78

Fig.46 clearly;shdws the effect of windowing 1in the

frequency domain. The'driginal concentration of energy in .

-
1.

®, . ,
the two 1mpulses of Fig. 46(d) has been smea{ed or "leaked"
B ¢
1nto ‘the major lobes and sidelobes that appear in Fig.46(f).

The same amount of energy is present in both cases, but it

»

has.been redistributed in such a way as.to decrease peak

4

magnitude.
F Al

jﬁiuLeakage‘generally‘occurs and just has tfo be lived with,
B 7L ) .

although it can be diminished if the skirts of the windnw

fall less drastically than do the ones of a rectangular
. . o ) - , i
window. Now, the windowing function is, in essence a

tlme domain pulse of fixed energy, and any change in that

'-ﬁpulse S shape must be reflected &n a redlstrlbut1on of its

v . ' -
energy in tHe frequency domain. It folloys ‘that 1f.the shape

of a_w1ndow1ng function is changed'toAreduce side-lobe size, ‘e

*

‘the énergy normally associated with those sidé-lobes must' go .
“ - ’ . *

‘el@ewhere; In general,,tﬁe‘energyris forced into and widens

<\

. ) »
. . L 4 . .
} P B - 7

Besides the rectangular ‘window), there are many other o

functions used for precondltlonlng acqulred 51gnals_iﬂlsf,

called wedghtlng functlons or convoTutlon Kernels, only a?ff-
few of them will be mentloned the tr1engu1ar the conne, d;"

the Hammlng and ‘the cos1ne squared cubed an fourth orderf

w1ndows [35]‘ However in general the spectr of these*'

'w1ndow functlons cons1st of a ma1n ldbe and verlous

. \

- S1de lobes (see Fig. 46);°It is de51reable tha¢ the wxndow.j:

W‘”
functlon satlsfy the two;crlter;a° (a) the ma1 lobe should

: ;_a_l.

L8 e




'be as narrow as possible, and (E) the max;mum side-lobe
level should be as small as possible'réfezivé to the main
lebe.

" Both of these criteria cannot be simuleaneously ‘ 4
optimized so that most usable w1ndow functlons represent a
compromise between the two factors. For thlS project, one of-
the main objectivesdwas to measure the cet—off f;equency of
"d?fferen: fibers. Thus, we were cencerned mostly with‘the
selectivity (the ability to aiffereneiate between unequal
. amplitude spectrel components at adjacent freguencies) of
the window rather than its resolution (the ability to
distinguish between adjacent frequency components of equal
”amplitude). Beceuee high selectivity was needed, a windOﬁ‘
function'having very small side-lobes was used. The Hamming
wiQdod was initially considered; it is‘def%ned‘by

0.54+0.46cos (27t /1) .fo§ It|sr/2 -
wit)s { ’ | (1)
0 elsewhere, |
where 7 is defined es the width of the time—demain sampled
‘ : '
waveform,i.e,,%=(N-1)T.

The Hemming window function has a width of r and is an
even function‘of t. Fig.47(a)[34]) shows half of the
~function, corresponding to the‘raege 0<t/7r<0.5. The function
wit) represents th 'continuous—tiTi form of the window
functlon as given by equatlon 18 The discrete slme w1ndowf

_furction is determzned by replac1ng t wlth nT and evaluating

'the function for 1nti?er yalues-of n. If W(f) represents the
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Fi§;47 Hamming window function (a) in the . S
. time-domain and (b) in the frequency domain.

¢

‘Fourier transform of w(t), and if W(0) represents thé d.c.
-vaiue, the amplitude re;ponse for fhe Hamming window
EUncE?on‘in aecibegﬁxis defined by | |
W(E) in dB = 20 log W(f)/W(0).  (19)
The émplitudeiresponse curves g;;en in Fig,47(a5_and
(b) ére_ébfunction of f/F, where;F'is,defiﬁed_as'F=J/r;
' Fig.48.shows;typical data obtained from a.field‘
measurement. It consists of 256 digitized samples of a
>§avefotm, The?differencé‘in levei‘bétweeh ﬁhe-start_and the
_ehd of thiS~aneform was caused by the wideband amplifier
and haq to,be removedbt§ p;event ajsevére_iéakége errér in
thekfrequenCy domain results.fEig.QQiShows the same data

4
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after a'Hammi‘ ?w1ndow had been applled to it. Clearly, the
Awlndow1ng uv%%us case has removed thlS dlffereHEE

Ievels, butﬁghlé removal wasnat the expense of cau51ng
undesifable d;stortlon in the useful part of‘the'siénal,

e]g.‘ih the Fenterl{In fact, as a‘result of the winaéwing
operapionl thé dhratioh r of the waveform was reduced\
artificially by '~ o | / \

.(3.19 nsec - 3.03 nsec)/3.19 nséc = 5% \
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Fig.48 Typical data obtained from-a field measuremert.
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Fig;S& shows the computed”fre§u§ncy specfrﬁﬁ for‘thf%
data.-From Fig.47(b), the fir%t.zero—érossing ofazhe Hamming
window function freqguency spectrum has a value of
“2x1/20nsec5100 MHz. Th%s means .that the actual frequency:

. spectrum of the data has been convolved with”a“Véerwide_
function (~ 100 MHz),_and that thé accuracy of any fibe;'?dB

\ . . .
cutoff frequency computation would be very poor.
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8 o

R

.74 ——t

» =
.53
42 L

MAGNITUDE (Volt)

: F{3d8= 'q4£:az;§5¥
06— A 195. 01 202,51 39002 . 487.53
e FREQUENCY

(MHzZz> .

@,

A | ‘ : -
Fig.50 Frequency spectrum of the Hamming ‘windowed data.
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In order to reduce thig distortion of the signal
introduced by the Hamming window (or by anyfother simple‘
window such as the Hanning, qQr the triangular), 'a hybrid

- { .

. . s
one, based on the rectangular and. the Hamming, was used i

instead. R a
. \ . : ’ ’ ’
The window had a main 'lobe narrower.than that of the ,:)
Hammlng wlndow but increased sidelobe levels. The objective

=5

to be reallzed in-the t1me doma1n with the ‘window was to
m1n1mally smooth the. waveform sk1rts without apprec1ab3y
altering the duratlon of-its maln‘pulSe. The window used 1s
shown . in Flg 51 in tbe{tlme domain, and its sbectral
fresponse 1s shown in Flg’52 In the time domain,_thieJM;ndow
as only affectlng the flrst and last 10% of the oriéinal
waveform, and in" the frequency domain the width of the
winhow's maih lobe‘yasnlowered to ~50 MHi.,Also,«the first,
second and"chird.sioelobes'had values of -14, 719'andf;24 dB
compared‘to —12.5, -19 and 421 éB for,a‘rectan;ular gindow.
Thus, the mod1f1ed wlndow cadsed less rippie in the |
frequency domain’ than the rectangular window“ and less}_:

. 51gnal dlstortlon in tbe t1me domaln than the Hammlng

w1nd0w A &
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Fig.53 shows the input détéiof Fig.49 after the
modified wihdow (asltﬁis window will be called from hére on)
.. had been’ aPpli-ed to it.‘f‘ig.54 shows the frequenc;gp-ectrium
?ﬁ‘ﬁhis windowed data. In the following chapter we will
‘disc;%uss how the precision of the computed freque‘n(zyvspec.trum
is ;ghffec'ted by this windo‘ging."*‘ ‘ -
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Fig.53 Data after the modified window has been a‘-ppli’ed.
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~4:2.3 Aliasing Error (Decreased by High Sampling Rate)

To evaluate the FFT, the data‘modifiedfby thexw%ndow
function must also be digitized,‘and this;aas realized with
the.sampling scope. However, the og%ainipg of discrete j
samples of the'time-domain waveform mag cause aliasing, or
fold;over,‘errors. | |

Digitizing an analog waveform }equires that the \\/
‘waveform's amplitude be sampled often enough to define it
: .completely. The number of times that any waveform is sampled
in a'EQXEd~period is referred to as the sampling rate. The
vwéii established sampling theorem (Nyquist criterion) states
that the sempling rate must be at least twice the highest
ufrequency present in the waveform for it to be defined
completely:”Pailure to use a sufficient high sampling rate
1s the source ofgal1as1ng errors- 51m111ar to the ones shown
" in Fig.55 [35] A -

' Fot this project, an“excremely high sempling rate
capability was availeble using the 7854 sampling scope, So
that aliasing errors were reduced to insignificent levels.
For example, wifh_the wayeform shown dn Fig>30; the sempling
periOd-waSZnséc/(256-1j = 7.84 psec. Thus, the,eQuivalent,
Sampling'rate as equal to 1/17. 84 psec = .5 GHz and the ‘
fola- over fre&Zeacy (deflned as halffof the sampllng rate)

" had'a value of 63 75 GHz. The hlghest frequency content -of
any pu&se measured for thls pro;ect/@as ~3 GHz. Therefore,“

the a11a51ng effects were almost totally absent.
‘. i



Fig.55 Aliasing errors.

o

4 2.4 P1cket Fence Effect Error (Decreased by Zero F1111ng)
The picket- fence effect 1s, of greatest concern when: the

frequency spectrum of a waveform contains dlscrete

.

components (e.g"a sinusoid. has a sQectrum con51st1ng of two
'impulseé). The time domain‘values~beingvfeduto the FFT
program are d1screte and the frequency doma1n values

obtained from the FFT are also discrete. In fact the

4

increments between sanshes in the time and frequency domains .

L}

are related by

Af = 1/NAT. S (‘20)&.3
' 2 ¥ . ' . : N . : - Lo
C el ‘ '

B P L o ' » o
) ORI »
Therefore, the frequency spectrﬁﬁ of a waveform is

vknown only at d1screte frequenc1es ~separated by Af heq,z,

and-it is as 1f the real waveform =3 frequency spectrum 1s_*

observed through a. plcket fence' Clearly,,lncrea51ng the



. ' . ‘ - 9'2\\ N
number of samples within the same time frame is not a
v . 5 . s

solUt&on, since the freguency increment depends on the total
frape width, not on the number of samples. Also, in some

cases, 1ncrea51ng the duration of the time wlndow is not a

LN

practical sd&utlon. For example, when a 51ngle pulse has to

be @nalysed'and“adjacent pulses are very close, the trailing

[

edges of the neighbouring pulses might cause inter-pulse ’
rnterference.

A very effective way.te remedy this problem is to
extend both sides of'the digitizea framé with zeros. Fi1g.56
shows Hey the increment an the frequency-domain can be

reduced by,zerOfféﬁling'in the time-domain.
For.this project, the 2ero—filling technigue was not

utilized primar}iy to remedy the,picket;fence effect,

Secause most of the optical waveforms analysed had basically
- Gau551an shapes and thus did not exhibit 1nter pulse

1nterference. Rather, thlS technlque was adppted for the

following reasons,

)

The 3 dB frequency is defined as the frequency at which

_ . L, ro )
the energy—den51§y{spectrumfhas decreased 3 dB from its

@

plateau value. For Gaussian-like signals; there is no

plateau since the energy= dens1ty spectrum (deflned as 10 log
'8 .
|G(f)l2) starts decreas1ng rlght from the d.c. value. F3da
\ o< ‘

~was then deflned as “the frequency at whlch the energy

spectrum had ap amplltude 3 dB below 1ts maxlmum value. If

‘v

the f;,gvalue of the analysed waveform s energy spectrum
7

B e

L TN .
11es bé% een txp_dlscretg,jgequencreg, as Shown in Fig.s7,

o . . . . Y
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without and (b) with zero-filling.
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i

/

interpolatioh has to be done between thektwo adjacent

frequencies. It was deéidedn

~

for reasons of 51mp11c1ty and

'_also because the frequency responses analysed were generally

decrea51ng monotOnxcaily, that a linear interpolation would
: \ : : v - : -

<

;be sufficient. (In féct,‘the precision of this interpolation

2

was quantatxvely measured and will be drscussed in the next.

%
0,
L3
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Fig.57 Graphical determination of the f,, frequency.

chapter.) It 1s clear, from Fig.57, that the time-domain

zero-filling is reducing the frequency separation between

the linear interpolation.

Thus, the final version of the freqguency spectrum

computation'program used the following algorithm:

1.

adjacent values, ‘and therefore increasing the precision of

obtain 256 samples of voltage from the samplihg scbpe}

remove the d.c. content from each sample by

zero-shifting the entire set of samples;

modified Hamming window function;

together with the time increment defined as AT;

Ty
‘

»multiply the 256 samples with a 256 discrete point -
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, y ' -

4. fill the center portion of a 1024 points array with the
256 windowed samples, and fill the remaining 768 points
with zefos;

R .

5. execute a 1024 point FFT on the array;

6. calculate the f;dgfrequency.

4.3 Other Programs

This chapter will discuss the different programs >
written to.obtain the roll-off frequencies and the FWHM
durations and to deconvolve the iﬁbut signal and measuring
device fesponsgs from the observed sampled waveforms.

-

4.3.1 F;4 Calculation Program

The 3 dB roll-off frequency, symbolized by f&;, is

computed using the FFT results,Once the FFT operation is

cdmpleted, a 1024 points arr y‘is obtained; the firé; point
- - . 5 : ) . \
corresponding to the frequency 0 Hz, the second point to a

frequency of. Af, the'thira point\to.a frequency of 24af, and
“;fdr"th for the remaining 1021 pdints. The original data -
) 256 samples haying a time increxent AT between samples.

Thié:daté was expanded to 1024 point$ by the,zerogfilling‘

2
the data processed was

1 .

technique, so that the total width o

1023AT sec. Conseqguently, in the quency domain, the
increment betwéen the discrefe values obtain from the FFT is"
equal to

" 1/1024AT = Af, (21)
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With reference to Fig.57 and to the program listed in
Appendix 3, the f;dafrequency‘is calculated bf: (1) finding
which poin£ of the FFT output‘érray has thé maximum
amplitude (YMAX), this value being tglled.MAXI. (ii) finding
which point of the array has an amplitude the nearest to the
méximum value minus 3 dB (YMAX//?EYMAX/1.4i4213) , this
value ?eing called FWHM.INDEX ; (iii) execu;iﬁg'a linear
interpolation to obtain the exact locatipn of the -3 dB
frequency , this value being called INDEX. From the

equations of the slope

PLOT(FWHM. INDEX)-PLOT (FWHM. INDEX+1)

FWHM . INDEX- (FWHM.INDEX+ 1)

]
and

-

' PLOT(FWHM. INDEX) ~YMAX/v/2

FWHM. I NDEX- I NDEX

., the value of INDEX is found from ' . »

INDEX=FWHM. INDEX + PLOT(FWHM.INDEX)-YMAX/y/?2 23

PLOT (FWHM.INDEX)-PLOT(FWHM.INDEX+1)
, and the value of f;4, is found by multiplying the value of .
_the frequency increment Af by the number INDEX-1. Thus,

f,a (INDEX-1)Af. O (24)

~-4.3.2 7 Calculation Program _
""" The duration of the Full Width Half Maximom (FWHM) '
. : » ‘

i

“pulse width ! 7, was calculated in a similar way to that - _
,QQX: frequency. First, the d.c. content is
» . 3 | _ -ent

removed from th

waveform since we are strictly measuring

¢



impulses
obtajined

addeerby
fscreen).

‘waveform
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included i1n the data

Ao
0 T

of light (any d.c. value

'from the sampling oscilloscope is artificially

it to the real data to modify jts display on the
Second,- the arrgy containing the time domatin

is scanned to determine the value at which the
'

A .
amplitude is a maximum; this point and this maximum value
the

being called respectively MAXI and MAXARRAY. Then,

\

points at which the discrete array values have an amplitude

nearest go MAXARRAY/2 are found. Linear : 1nterpolation
sxmllar to that mentloned above for the calculatlon of the ‘
f,,afrequency is used to find prec15ely the two time »/‘ ¢

coordinates that are located on either 51de of MAXI,

as
shown in Fig.59, and which are called DNI and UPI-.
y(NAT) & B
O,
MAXARRAY 1 . . e
2 ‘ -
v .
X
' RO
: ® , : s
6 L . . T
UPI > NAT

Fzg 58 't detefmlnatxon.

The value of 7 1s finally calculated by f1nd1ng how
many time 1n¢regents separate these points UPI.and DNI, and
by multiplying the result with the time ihcrement AT. Tbhs,

7=(UPI-DNI)AT. (25)
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lentioned above are a result of a convolution between the

as follows: . ' : )

4.3.3 Deconvolution Program ‘2ﬁ'

In theory, both the input énd‘:he output optical
signalé-on the fiber have to be cbnsidered in order to
obtain a precise measurement of the frequency spectrum of
the fiber. With reference to Fig.59, thé following

operations have to be done: (i) record the signal Vout | (t)

at the far end of the fiber,r(ii) record the signal vnutz(t)

~at the output of the fiber pigt;il and (i1ii) deconvolve the ‘/)

effects of the measuring instruments and of the input pulse
from the output v . (t) , in order to obtairn the opticaﬁ

fiber frequency spectrum. In facf,‘those measured signals

[

‘impulsé responées,of the iﬁput pulse,atﬂe fiber, the

detector, the:wideband amplifier aﬁd the sampliné head
represented respectively by hin(t); h,(t), ho(t), h,(t) and ?
hn(tT..Also, any other time-dispersal effectsvnot

spgcifically mentionéa above can be grouped gether as

hs(t). Thus, we have ‘///Z‘B
vougft)=§.n(t)*h,(t)* hz(t)*ha(t)$h,(t)* hg(t), (26)

where the symbol "*" means convolution. This’is equivalent

to multiplying the frequency spectra in the frequency domain

o “ . - . ) ) . * )
Similarily, in Fig.59(b), when the optical fiber is omitted,
vOutz(t)é"v‘_n(t)h*hz(t‘-)* h3(t)*hﬂ(t)l*h5.(t)l “' . . (28)

or, in the frequency domain,

V‘out%’lz(‘f)=vln(f') .H"z((f) _H;(f).Hu(f) Hs‘(f). SRR _(_29)'

>
-

1
R
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i{“ ‘ ! ! . ’ \ —
v C>tested ’ -
, ’ fiber. r——j
o - O — ' 1 ' ‘ | sampl. |
(a) laser “ vf;}t) hi.(t) 0 APD l }\V scope v (t)
) in, & . out 1
. , hz(t) hl(t) O
'y
. . . .
(b) laser __Q APD am i sampl. o (t)
. Vi ( ) —— : »h - . " scope outzé;
n 2 3
. T h (t)
.
Fig.éQhConvolupjon‘oﬁ impulse responses. s

o
RN
’

If Vour, (f) is divided by vgut?(f), the optical fiber .

4 - , -

frequency spectrum can be obtained:

Vour, (£) V.o(£) H(£) Ha(f) Hy(f) Hu(f) Hs(f)

— (30)
A (f)

v;uté (£) V,,(£) Hy(f) H,(f) Hg (£),

¥
“‘EE,

= H,(f).
A praﬁram was written to do this diviSion, and a_
llstlng is provided in Appendix 4. It perfdrmed a .
po1nt by- p01nt d1v151on on two arrays, namelyl&he dlscrete

freqﬁency spectra of the s1gnals recorded at the 1nput and

(Rt d

."at the‘output of the fiper. These waveforms were generally'~%:%7
recd@déd‘on two different time domain‘scaizs, dde‘to the o
\,'large differencevin their.FWHM valueSfia.g;’120 psec at the/A-
'input' and 2-3'n$ec at‘the‘outputrflln‘éhis éituation' the

program was wrltten to do a llnear 1nterpolat10n between the

okh ﬁ'v.,..,

dlscrete values of the’ frequency domaln arrays. ‘Fig.60 R
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illustrates this operation.

\Y ) .
o uut’.z - ____;L___t@_ o x. e B
S B e SR O
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0 h—Afl—ca-{ g —v‘{Afz f"— | n fl
()ut(f) | '
1 . ‘ ‘
© ® @:original value
® o X :interpolated value
{
2 9 0 5 45 5 o
() _V'{A{v)‘_ﬁ . ' ] " n f,

N “ .
Fig.60 Deconvolution calculation.

N

4.4 Precision

A wézeform of known characteristics, namely a Gaussian,
was used to evaluate thelprecision of the FFT, the 7 and the
fie calculation programs. This Gaussian, called v,(t), was
givén by ‘ | |

v.(t)=exp(-at?). | - 3
- | : O Gn
The exact Fourier transform of tﬁis Gaussian waveform is
given by | - o

V,(f)éAoexp(—wzfz'/a) '

(32)

s

R : B . ‘ .
, where the value of A, is equal to (a/7)"°-%,
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It is possible in the case of a . Gaussian waveform, to
easily relate the pulse width r to the '3 dB roll-off ¢
frequency f,4 as follows:

0.5(a/7m)° ®=€xp(-a(r/2)7 ¢

o a= -1n{(0.5)/(7r/2)? .
. =2.7726/12 ' (33)

", and in the frequency domain

1/V2=exp(-m2f, 45/ a) h .
a=-(nf34)2/10(1/ V2) | =
=28.4776 ;. | - o (34)1%
Then, using (22) and (23),
2.7726/7%=28,4776 ;4 .
& (fi4)(7)=0.3120 - DR (35)

ts Gaussian

An FFT was computéd“on two 256, ped

anéforms of the same width; but ldﬂk@d at through two

-

different time windows. Thus, the two Gaussians had
different time increments, and the results are shown ‘In

Figs.61 and-62} In botHﬁcé§gs, the pulse width 7 was

qual, to 1i991 nsec. Then, according to

the theoretical f,. should haviifi?;lue of

‘ (0.3120/1.991 nsec)=156.7 MHz.
. / oec

approximatl

equation 24

\»_Q Comparing this 156.7 MHz value to the 3 dB frequencies;
>c6mputed using the program yields aﬁ error of less than 1%
in poth cases. Also, from eqﬁétion 20, the théoretiéalvr.is
obtained from | |

‘O.5=exp(ra(%/2)z). 

T~

(36):

Thus, in this case, a had a value of 7x10'7, Thus,
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Fi1g.61 FFT on the first Gaussian waveform.

1n(0.5)=(-7x10"'7)(r/2)2 .. “(37)

" r=1.9902 nsec. : . ®

Thus, the error in the two values of 7 was less thén

T%. Finally, from equation 21, the theoretical value of £

;s obtained from

1/ 2=exp(-n £yl /a)). (48>
&f3,5156.78'MHz; h | )
,(ﬁ,both‘cases, the computed value of f; . had>an’e;§Q;
of less than 1%. | f,' | R | L

-~

~ .
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Fig.62 FFT on the second Gaussian waveform.

The performance of the computational methods was also
tested by calcula;ing the frequéﬁcy spectrum.of the wideband
amplifier. A firs£ waveform was recorded immediately at the
output of~the APD ; this wavefopm.is shown in Fig.63, and

its fregquency content 1is shown in Fig.64.
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Then, thHe wideband amplifier was inserted between the’

.. v e , " .

@Feand. the Sampling scope (neutral density filters were,
o 2 .

L

din'front of the detector to attenuate:the optital
. . ~

S

. i : ‘ ) L
al in order to prevent saturation of tgthe amplifier7), and

3 ‘ ' . ° "
;second waveform was recorded; this waveform and!iy%
By X o . .9 .
C gépted.frequenc§ spectrum are .shown in f}gs.65 and 66,
:t?:'- , ' .
T e /
-respectively.
: 3

{ S | 3 9
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Finally, using the deconvolution program discussed
above, the second waveform frequency spectrum was divided
porﬁ{)by point by the first waveform frequency spectrum in
~order to obtain the frequency response for the widebahd
amplifier. The results are shown in Fig.67 aqg comparison
with the results obtained earlier (section 4.2) using noise
source measurements yields an error of less than” 1%. This
precision was sufficiént for this project and the programs

were judged‘adequate.
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5. EXPERIMENTAL RESULTS
This chapter will present a discussion of tﬁe
measurements made on actual multimode optical fibers. The
first part will deal with the preliminary results. obtained
invthe lab on various spooled lengths of fiber, and the o
second part will report on the measurements made in the
field on an assortment of fibers used to interconnect
Edmonton Telephone Co. central offices.
5.1 %aboratofy Results
- In order to evaluatg the measurement technique
discussed.in the pgeceeding chapters fog the testing of
relatively long opﬁical fiber links, tests an spooled fiber
were made in the lab prior to the field measurements.
| Four fibers of different lengths were butt=joined
together one—by—one in order to observe ﬁﬂe changes in the
frequepcy spectrum as the fiber length was increased. Fig.68
illustrates thé procedure. First, the optical pulse right at
the oufput of the laser pigtéii was recorded. This input
pulse is shown in Fig.69 and its frequency spectrum is‘showq
in Fig.70. Then, a section of 3 km 6f‘fibef was.gptt?joined
to.-the laser pigtail and the signal at the output of the
‘fibéf was recorded.lyhe-operation‘was répeated for |
bu£t—joinihg additiOnalvsectioné bf‘1;8, 1.6 and 3 km,‘one
éftér éach other; in order to measure the'progresﬁ}ye§ 
degradation of ﬁréquéncy respohse as the tota; iéngth wass

increased.

. 111
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Fig.68 Laboratory measurement procedures.
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The signal-shown in Fig.69 is the optical signal at the

input end of the fiber observed with the APD and amplifier

connected to the oscilloscope. This signal has obviously

been broadened to some extent by the freqdehcy limitations

of the bandpass of these two unlts. All waveforms glven in

»F1gs 69,

71,

73,

75; 77, 79, 80,

82,

84

86 88, 90, 92 and

94 contaln these broaden1ng components. It must be stressed

that the deconvolution technxque,-eq 30,

remoyes‘these

broaden1ng‘effects.sThus, the broaden1ng compohents,that :
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“

affect!the spectrum shown in Fig.70 afe totaily removed by
this deconvolution- procedure when it is applied to obtain”

" the fiber frequency response.‘Ap examble 1s Figs.71 and 72.
Fig.72 is the net result of the entire FFT+deconvolution
procédure ana therefore contains no frequency degradation
due ﬁo any.of'the measurement’ equipment. Of course this same
tech?ique,was also applied for Figs.74, 76, 78, 81, 83, 85,

87, 89, 91, 93 and 95.
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The time domain waveforms at the far end of the
fiber seem to consist of the superposition of two
dispersed pulses. Care was taken throughout these
experiments to ensure that this double-pulse effect
was not caused by reflections. Rather, it was
probably caused by an unexpected dispersion behavior
for the 'initial 3 km sSection. Fig.79 shows two
waveforms superimposed: the one having the larger
"after-pulse"” in its trailing edge 1s similar to the
waveform recorded in Fig.71, and the second waveform
is the optiéal signal‘measured at the same location
in the optical fiber system but with a serpentine

optical filter inserted in front of the detector to

rgmdve the higher order optical modes. The amplitude‘

scale for these two Qavefgrms was the same and it is
clear that tﬂg amplitude of the main pulse has been
less affectedg;han the amplitude of the
affer—pulses. Consequently, the appéarance of -
after-pulses is\explained by a severe modak\‘

dispersion in the fiber.

9 ‘ ! '
. !
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5.2 Field Results

The field measurements were realized using the same
equipment seﬁ-up'§§ for the lab measurements. Measurements
wére made on two trunks in the Edmonton Telephone Co. local
area network: first on'a section of 4432 m between thé
offices of LENDRUM and STRATHCONA ; and second on a section
of 7826 m joining NORWOOD and STRATHCONA.

Figs.80 to 95 show the Signéls recorded at the far end
of the fiber links as well as their computed deconvolved

frequency spectra.
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6. DISCUSSION AND CONCLUSIONS
The results of the laboratory &bd field measurements

are summarized in Tables 1 and 2, respectively.

, -
Fiber length (m) 7 (nsec) fi (MHZ)
w
. e e e e e — —— ———————————— e — —
3000 4.23 . 85
4800 4.07 , 59
6400 4.72 62
9400 618 | 16
9

— e e e e e o — — ——— ———— —— ——— o — —

Fiber length (m) T (nsec) f3g%(MHZ)
4432(47) . 12,10 | 97
4432(#8) 1.98 | 96
4432(49) . 1.88 ' 93
4432(#12) 2.79 . 91

7826 (#1) 2.58 - 95
7826(#2) - 3.02 ” 92
7826(43) . 3.37 93
7826(#4) 39 W Ter

Table.2 Summary of the field results.

’
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"The laboratory results demonstrate the degradation of
the roll-off frequency as the length of the fiber‘increases.v

The calculated values-of r and f,., summarize t t I'ye-
and ;requency—domain waveform characteristics. For example,
.in the case of a pure Gaussian waveshape, 1t was
demonstrated 1n section 4.4 that these two values can be
related by the equation (7)(f,)=0.3120. When the signal
deviates from a Gaussian, equations like this are not valid
, and the wvalues r and‘%;dbcan lead to erroneous conclusions
1f they are takén as the sole parameters for the waveform
analysed. For example, 1f the laboratory gesults for lengthg
of 4800 and 6400 m are considered, and if only the
calculated values of r and f,, are cohsidéfed as the
important parameters for these fibers, one could be led to
think that ;he longer fiber has a better .frequency résponse
than thg shorter one, since the lattgr hés a Yower value of
f3 @ 4

By looking at figs.74 and 76, the explanaticn for ;his_i-
discrepancy becomes evident. Depending on where the h
mathemética{ value of the -3 dB point happens to be
(relativé_to the first sideloﬁe—in the frequency speﬁtrum[
the f;q value can vary substantially with only slight
‘amplitude change;. In fact, if<thesé two fréquency'spectra
are. superimposed, they‘have;a ver§ similar sﬁape; |

'Letlus no& consider the';ffec;s of these sidelobes. “If
the ffequenéy spectrum shown';n'Fig.81'is examined, the
frequency spacing between the main lobe'and the’sidelobes is

- M »
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approximately eégual to 100 MHz. This spacing can be
explained by considering that the windowed version of the
waveform of Fig.80, sket ed-in Fig.96(a), can be
approximated by the graﬁifeal 5umﬁation of a pure GaussSian

and a time-delayed rectangylar pulse, as shown in Fig.96(b).

A RIS BN I =
" S L_N /T BNES
s [ N/ .
i NV ] A ‘

;e [ \ o]
i \ ] 1 T

i AL &1

z AL /

1 A [

Fig.96 (a) Windowed version of Fig.80. (b) Pure
Gaussian pulse added to a rectangular pulse.
8
N |
The amplitude of the\Fourier transform of the waveform
shown in Eig;96(b),hould bé=equal to the sum of the o
transforms of a Gaussian and of a recténgular pulse. The

Gaussian frequency spectrum would cause the sum to decrease

monotoﬁ?éally, and the frequency spectrum of the rectangular

pulse would cause the sum to have sidelobes that would be.

v
L4

&
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) separated by 1/27, 7 being the width of the waveform. Thus,

/ /

()if 7 has a value of 10 nsec as in this case, the freguency

difference between sidelobes would be 1/2(10 nsec) = 100

o
.o

MHz.

"This sidelobe phenomenon 1s caused essentlally py the
presence of the step in the trailing edge of .the time domain
data. If the precision of the time domain freguency response
method described in ithis thesis needs to be increased in the
future, a better wideband amplifier would have'to be
desiéned in order to eliminate the perturbation 1n the
trailing edge of the time domain pulses.

To conclude, a computer—controlled time—domain\
frequency response measurement system was developed th
appears to have an accuracy.of approximately 20% - the error
being caused principally by the existing wideband amplifier.
The\method is. useable for measurements on multimode optical‘
fibers and may possibly be modified to operate with single
mode fibers, since the f;., of the optical pulses 15 in

- excess of 1 GHz. In any case, the system has been used for .
the evaluation of the high fregquency roll—eff of many of the
existiﬁg instailed multimode optical fiber links'ih use by .
‘Edmonton Telephone Co. to carry 45 Mb1t/sec s1gnals. The
measurements show that the flbers can nominally carry a
h1gher bit rate but nat much higher because. the typical
poper '3 4B frequency is about 90 MHz |

The author hopes that this work will stlmulate others

to,contlnue'research on this measurement technlque because
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1t does offer the attractive features of low cost, portable,
fairly accurate measurements of multimode optical fiber

frequency response.
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APPENDIX 1

Data sheets for the MMT3904 and NE9002 transistoxs.

- C MICROWAVE GaAs POWER FET
, N E | NE9000, 1,2 SERIES

~Ku—Band GaAs Power FET

FLATURES
« CLASS A OPERATION

76 PACKAGE

e HIGH QUTPUT POWER
Pout = 26.5dBm
Gigg = 79B

e HIGH POWER ADDED EFFICIENCY

Also svellable bt T4 ppehups. Boo puge &

DESCRIPTION AND APPLICATIONS

The NEQOQO, 1, 2 13 a 0.5 mucron recessed gate GaAs power 13 & four cell of 3000um gate wsdth The NESO04 and
FET tor commertigl, mibitary and space amplifies snd oscil- NESOOB (2 x 9004 chips) are covered in a separate date
1dtor apphicatians 10 20GH2 The series racorporates silicon sheet. The serias 13 avaitsble in chip torm or a vanety of hes
aitrde  passivation for surface stabshzation, and sihicon metic ceramic packages. The NESOOOGO 15 a standard die
donide glassivation for supenior scratch resistance and me- the NESOO 100 and NESOO200 are avadable as standard die
chanical protection Four chip conligorations are available or with wraparound source metallization, The NES00400
The NESOO000 15 a one cell die of 400um gate width, the Incofporates a plated heat sink and via hole soutce ground
NE9SQD100 s one celt of 750um gate width, the NES00200 ing for superior RF and thermal performancs. The seres
s a two cell die of 1500um gate width and the NES00400 conforms to MIL-S-19500 and 15 space qualitied .

PERFORMANCE SPECIFICATIONS (1425 ()

NE CHIP PART NUMBER - *| NE200000 NESO0100 | NE900200
NE PACKAGE PART NUMBER NE 900075 NESGO175 NE800275
NESO00768 | NESO01768 | NES00276
PACKAGE CODE' 001CMp). 78,76 | 0OICHip1. 75,78 |00ICHIp), 75.78 |
SYMBOLS PARAMETERS AND CONDITIONS UNITEL MIN | TYP | GIN | TYP | MIN | TYP |
PTEST Output Powar at Teut Potnt-
P~ 12dBm, Vpg =8V, 1 ~ 50mA, 1 =14 5GHz d8m | 199 1 205 '
P = 150Bm. Vpg * 8V, Ip = 90MA 1= 14 5GHI aBm 2 | n ¥
P = 1908, vOg =8V, Ip = 180mA 1 = 14 5GHz dBm 1 FLEY l 65
Prag Quiput Power at 108 Comprasion Point ; j
Vps “8BV.ip « SOmA ¢t~ 145GH aBm . 2 .
Vps = 8V.1p = 90mA, I~ 145GH: « dBm i -
Vps = 8V.ip~ 1BOMA, t » 14 5GH: aBm ' 2%
i - T 4+ -
Gigg Gain et 108 Comoresion Point ‘ t i
Vps»BV.1p = 50mA,1f=145GH: ] ] ! ;
vos < 8V.ip = 90mA 1« 145GH? a8 7
Vps = BV. ip = 1B0mMA_ 1 = 14 SGHz a8 cy
) -
aoa Power Addea Ef licincy i . : . : ’
- Vps.= BV, st Pgg Conditions - % o F1 | "J
SEE NOTES ON BACK PAGE

v NEC Corperation




NEYO00 1, 2 SERIES Ku BAND GaAs¢POWER FET

HFCTRICA (I Iﬂ W’ THRISTICS(T-25 ()

-

NE CHIP PART NUMBER
NE PACKAGE PART NUMBE R

} PACKAGE COOE "
svuuo\sl PARAME TERS AND YO CONDITIONS
- b -
e Satratet s VoS 45v <y Oh
1
[ Vinch off Virtege 8t Vg - 25V 15 - 2 SmA
DS - 50mA
105 “ 10 Oma
9m Yun-co«dacuna at VOS 25v tng « S0ma
ips ~ 90ma
tps - 180mA
Rinee a1 nmm.: ﬂﬂulnncn
[£1 Yom ?onm O-mp.uov\ N

" NE 900000 NE 900100 NE 900200
NE 00075 NESVOI 7S NESQO27%
NES00076 NESVOI76 NEI00276
. 00IChipy 1% 786 001Chips 73 76 001Ch.or 73 78
- T R —
Tumvs;um "TYP MAX AN TYP MAX MIN TVP Max
SRS R A S R,
nA 1% 10 ., L 1 Foal exs ANy e N
. . . . . . .
~ tSoas,
% ) Qo a8, s | '
v ' Pres s sy
4 o } — F e —
mts » ; t |
mu . , 50 ! i
mty ! ) i ! 100
JS N [ U (RS N W Y {
‘e | i 180 i [IR] | “~0
s U o P : S
w 108 i l 18 [
1 | L]

SEE NOTES ON BACK PAGE

ABSOLUTE MAXIMUM RATINGS(Ty-25 ()

DEVICE CHARACTERISTICS (T3=25 ()

SYMBOLS PARAMETERS UNITS [ RATINGS
vos Drain 10 Source Voltasge v 0 -
vGs Gate 10 Source Voltege v -9

(1Y Drawn Current
NESVO000, NESOOOTS/ 76 mA 150
NEDOO100, NESOG175/78 mA 300
NEDOO200, NEHODZ75/ 78 ma 600
[1eY Gate Curren -
f
NEJO0000, NESOOO S/ 78 ma 13
NESO0100, NEGOO1 75,76 mA 26
NEDOO200, NEJOO275/76 ma 50

TOTAL FORLR O1LLISa 1iom Py roms

POWER DERATING CURVES

|
1
.

LN

|
L i
!
|

Case temotmatung 1, (.

RELIABILITY- SCREENING (gs 32752.00)

TESY

Protep Visuel tnspecton

Vatuum Beke

High Termperature S1orpge

S
Tomperature Cyching

| Inermet Shock -
Muchanical Shock (Y aniy)
Accaiorstion

[ Giow Lesh Ton T

Fine Look Test

Ares of Sate Operstsor (0ower oniy)

Fortlcis imoaci Nore B T-F TllﬁbT
. ll-unul [J<]
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NESOOO 1 2 SERIES KuBAND GaAs POWER FE 1

PHYSICAL DIMENSION:

NEYOUOUO  Chipn
tlinus en pmy

X AT

NEJUUTOO NE OGO ( haps
L onits i ey

- R
§k\\“ AN\ VAN NN i
N Ne:
N 1
\ N
N \ !

N -
: § ]

>

S

O Thicanens

10

m Pilaten Weaparound (it >

- [

varea Ases

O

DIE ATTACHMENT

Dre actoch can be accompushed with a Ay Ge 1390-10°C)
orelarm o0 8 formmng g environment Epory dre aTTach 13 NGt
recommended -

BONOING

Gate anc drain bonging wirer should b muimmum length seme
hard 9oid ware (3 8% efongatont JO microns or lews in Auoveter
Bonding thould OF PertormMed with & wadge 1D that Ras & O
of sppromimately 15% D atisch #nd bonding time showyid be

ould De hept wathen 2 JOO C 10 minute curve It 1onge:
Penpds ar€ required, 1he Tempersture thould be (oveernd N
PRECAUTIONS

The utr Muil OONTEIE in o crean Gy envirOnment The chuy

channet 11 quenivared for mechanical Protection Only end doe
. POt Preciude the necriuty of § chean enwironenant .

The DONAING eQUIPMENL sNould D Deviodicaily Chec hed

0urces 0f surge voltage snd sNould e Droperty grounded st ait

times  In lact gl) (Mt and handling equigment should oy

LDt to 8 MUNUmUm AS 8 genersl rule. the bonding

PACKAGE CODE 75

tUnity in mm)

N3

o to the Qo of t1suc dichacge
- .

£, 4

“PACKAGE CODE 76
fUnita en mm

SEFNDTES ONBACK PAGE

' o
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MMT3903 (SHICON) ' 156
MMT3904

! 4

NPN ubicon tcrorminiature annulst transestorn Je
signed tor general pufpose switchang and amphitier ap-
phvations and tor complementsry ifaltny with typw
MAM T V0S8 and MAMT 3906 where lagh deasity packaging
in regured

CASE 28(1)

MAXIMUM RATINGS

Rating Symbol Value Unit .

—

Collector - Emitter Vottage VCEO 40 vdce )
S

Cotlector - Base Voltage Ven 60 vdc 2
S

£mitter - Base Vollage VEB 6.0 vdc

Cotlector-Current — Continucus 1 200 mAd(

Twal Device Dissipation @ '1’A . 25%C PD 225 mw

Derate above 25°C 2.05 mw, “C

b

Operating & Storage Junction TJ, T . -55t0 -13% Ke

Temperature Range st
THERMAL CHARACTERISTICS
Characteristic Symbol Max Unit

Thecmal Resistance, Junction to Ambient GJA 0 490 TC/mw

— A
' -
FIGUEL ) . DULAT AxO RISE TAST (QUIVALERT TEST CCUn "L E%URE 2 - STONAGE ARD (AL TINE LQUIVALTRT TLST CiRTUNT ® \
- - - A 0 e -t~ cee
lm'n'nln’ ™~ v e N ‘l *

BLECTICAL CHARACTRATETICS 17, « N v e st
- arscrwrien [ ptd | e | th | Mma | uwa | .
OFF CHARACTERTSTICS

Catiartor- Eontior Brassbpee Yasiage 'V
O - ) bead. o=@ Fexo - . . P
Cotimetor - Gase Dreapioms ¥estoge [ . ‘v
O - 18 ke, 19 c¥o - - . R N
Lowmer- Bane Brestteme Yensge !
< 18 hee. 1o O *eso e - -
Cutat Currem
IR feso » - S
Cuutiar Cuotell Curram 1, aAde
¥ty * 4O 8 L = 9 a0 ”»
Of CUMACTUIRETICS (%
ﬁ(wm
B o 10 uber, ¥oy - 1.0 vam) IV *re 20 . .
. MMTION - . . *
.c-l.'-h‘, 'ﬂvl.".) MMTIVS ) 39 - -
- WMTINN " - ;
%.‘.‘.. '“.l.'&' MWTINE | |= - 14
preeen) N 200
Colipcsar-Tmtter Sumereies Yolage - -
g 10 made, 1y o 1.8 mbar) Vetioms N N . 23 A4
Base-Emsttor Sateration Velage
R ) "as0m) - e wes bl
SMALL-SIGRAL CHAMACTERITICS -
Curront-Case — Samtvrms Protuct ) t
B o WAt Vog o 20 W, {5108 M) MMTINE e o . o
_ - - MMTINes | .. - - .
N‘;'.-Lt&.l.-l'l-l.l‘) Ca 3
‘M-ﬂq - - -
g biverl Lo 1o 1w - > J - se ” ’
hgut lagodase N 7 ~h . . - heam
O o b9 mAde, Yog 1 10 Ve, (o )0 0m) : A EN] oA
Vellage Poedont Rotsy ., ‘. o . ryTry
| O o £0mae, v oo 10 var, [ 1.00m) e . re’ . - e
Bumall gt Currens Case [ '
G v L0 mAde, Yoy 19 Tar, (o LOMN)MUTIO® . 19 :
o : HaTIN0 s . .
Ovigut Admisioncs ° B » bt
O o 1O Ade, Voo o 10 Yor, Lo b0 MM - . w»
oge Ngeey X - T3 . - N
O = 100 oade, Vo o b0 vr, Ao 100 ke B N e i N
Wosat Batweah ~ - 16 i v 14T W) o '
TTCHNE CHARMCTINITICS N
Oatay Tims: Tog * MO, Vg &3 Ve, « ] - 3 B P °
ve Thns I e T T N 'R - - )
-...n- Mocedova (o l0mia, NS as” - -
. Tt Tome iyt » 1.0 mAde) t . [ .- -
19 Puiee Tout.. Puios Nia's 308 15, Duty Cpein o 0.9, : E ’
- . L & o - “
L .

- Por eharattersang farves. se RXINS, 3XI00 Oms, .



APPENDIX 2

Listing of the data transfer progr@’mfc/()pe.

f
Listings of the SCOPE prograe

3 REN

1 GOSUD 1900 « RER [nstialite arrays .

1 60D 100+ REM [nitialize the SPIB by .

3 60SUB 000 : REM LOAD STR(MGS

10 60TO 3700 : REM run aeny

°% £xd

100 REA {nitietsze the 6PID

100 WY AQDRY = O

130 $0.4D0RT » 784

130 0SC.ADDRY » | ¢ OSCS » *1° + REM 7834 6P10 address

180 PAR o “INIT/0/784/P/" 4 REA P {ndicates polling

170 0

173 S@'SD!/II' + SOSUD %160 + REM Set up oscilloscope s 4 resote devic
190 RETURN '
200 RER esecete scope coseands rasotely

210 PRINY ; IRPUT “Yes a'lord *jDATA.STRINGS

220 WILE (DATA.STRIMES () °°} y

230 PARANS o “WR,STR/1//EQ01/° + GOSUB 140

200 PRINT : 18PUT “ves a'lord *(DATA.STRINGS

230 mx ‘

290 RETURR )

1300 REN Load 4 wevetors froa the scope

1903 PRINT ¢ [PUT fdad WP § *juFRs

1307 PRINT ¢ PRINT *Store as wavefors 4 ( O ~*{RALWAVEL;®) *5 1 [MPUT wAVED
1310 PARARS » “WR.STR/1//EQL/® + DATA.STRINGS « WFNS + * WFR SENDT® 1 GOSUD %180

1320 PARAAS o UMLISTEN/® 4 BOSUD %140

1330 PARARS-« *TALK/1/* ¢« 8OSUB 140

1340 PARANS « *ma/° ¢ SOSUB 980

15%0 mnu T758/° 1 GOSUD 9140 )
1360 08 @ *°” r -
1302 WHILE ¢ (RIGHTSIDS,5)) <) *CURVE® }

1370 GOSUD 1993 :- REM qet o lettor

1380 08 » 08 ¢ LS

13%9 ¥EN0

1373 GOSUB 2200 s REN decipher wavefora jresmdle
1400 RER start resding 4n nuseric data

1803 1T » 01 REN 4 §s pointer o currest utu
1810 GOSUD 1493

1219 REN
1020 WRILE ¢ (MOT(NMMERICT)) AN (LASTL <) LI I Nﬂll 1693 1 WEXD
1422 [F (LASTY » TRUED) THEN BOTO 1433 N

1473 M6 » *° 1 RER n$ (s string representstion of ausder
1630 WHILE ¢ WUPERICT AKD (LASTY OTRUET) ) & NS o &$ ¢ LS 1 GOSUD lm I nm
1433 IF {LAST » TRUET) THEW Ny o X8 ¢ L8 .
1840 DINAVEZ, T} = (VAL(NE)) & YMAT ¢ YIERQ
[TC- I I 3O
1430 IF (LASTY () TRUET) THEN 8GTQ 1419 )
1459 REN ’
1657 MR.PITIMAVEL) = 1T - | 3 REN lr.|u ‘18 the aumder of mnu of data ln’l
1600 PARARS o TCSV/® ¢ m U]
. 1883 AE .
1687 PRINT ¢« PRINT BELLS + *DOME* ¢ SOR P.s | TO 200 + MEXT P
IO RETLRY .
1692 £ R
1483 AEN Got o letter and raturn 4n 18,
1094 PARMAS = SRO.DYTE/® 1 GOSUT 9140

5893 IF ¢ «LaSTL O mlllﬁﬂl 4 ) THEN LS » cmmm £LSE Ll "

e

157 ’ v -

To%e WURERICT = cil® o *9°) AND (LS 2% 0"1) OR (L0 » *. ) OR (|3 » - OB ¢
LIS SN

1897 RETURN

1700 RER Send o eountain of dets to scope -

1703 PRINT | PRINT “Send savefore § ( 0 ~"JRALIAVEY)*) ) [PUT uAVER

1707 PRINT \ [MPUT “Store on scoge as WFN ¢ °jsFRy

1709 GOSUM 3190 ¢ REM GET VALUES FOR YAAT, YIERO '
170% CATASTRINGS » 0 WFRM | JUFN" ¢ PARARS « “WR.STR/1//£01/° 1 GOSUD %180

1710 CATA STRINES = °READL® ; PARAAS « *WR. SYIII//EDI/‘ + 60SUY a0

1170 PARARS = UMLISTEN/® ; GOSUD 1160

1750 PARRAS « “LISTEN/1/° 4 GOSUB Va0 - ' ‘

40 PARARS » “RTA/® 1 BOSUD 180

"30 PARARS = QTSD/® ¢ GOSUD 9140

80 08 o “WFRPRE ENCOBIASC,MR.PT," o STRE(KR.PTI(MAVEL) ¢ 1) ¢ ° Py, FATY 11ERD
S.EINCRT® o STRE(TINCREMAVEL)) o * JIUNTTLS TIERO: » STRS(TIERD) o * YAWT,* »

LSIREUTAULDY o rumITavy o CHRIUID) o SCURVE °

1743 FOR (2 = 1 TO LENCD®) ¢ nm . nsmmm IT, 10} 1 PARARS o “ER_BYIE/* \l

OSUD 540 : WEIT (1 4

1770 FOR [T « 0 10 AR, PTT(BAVED)

1773 D.SEND » (D(WAVEY, I} - YIERD) / YMIKT

1177 B.SEND o ( INTU D.SEND ¢ 10000 } ) / 10000

1780 NS » STRS(D.SEAD) 1 J1 « LENINS) TEC(LEFTSNS, 11y« ) THER 9 « A1E

HIsiRs, (J1-11

1790 JT = LEMiNS) ¢ §F (RISKTANS 11) & ° ¢ ) THER NS » LEFTSINS, (JX-101

193 0F 413 O 0) THEN RS « * . o ps

1800 FOR J2 « | TQ LENNS) o DATT o ASC(MIDS (S, 110 ) PARMRE o uR.BYTE/ 4 8

QSUD *140 ¢ MEIT J1 . )

1810 WELT I3

1920 LASTY « TRUET : PARMAS » *SET.EOL/° + GOSUB Y140

1930 DATT « 13 ¢ PARARE » “WR.OTTE/* | 6OSUD %140

1880 PARMRS » *TCSY/* 1 GOSUB 9180

1083 DATA.STRINGE « "0 WFM *oWFRSe® YBFN. t WFN O JWFN “suFRSe® NFR® , PARANY o °

W STR/L7/EQT/* ¢ GOSUD 9180 -

807 PRINT ¢« PRINT SELLS + "DOME® { FOR P » 1,10 200 4 wEIY

1890 RETURN

1900 REM snitralize arrays N

1901 SCREEN 0

1902 RESCUET = 0 ;5 REM rescunt 1ndicates ehen s error has Been trapped

1903 O ERROR GOTO 4000 1 RER set up velected errdr tragping

1910 AL WAVEY = 3 1 REM total musber of waves that <ap be stored st once

1920 RAL.PTY o 300 t REM sazisue nusber of points per wers

1930 OIR O(MAZ. MAVEL RAL.PTT)

1940 DIN NR.PTLMAL, BAVEYL) .

1950 DI TINCRIMAL, BAVED)

1953 OIM T(RALPIY)

190 MAVEL = 0

1983 JELLS o CHREICTY

mo oin Cx. lnmmu 1 OIN CHSUI3) 4 REM for ﬂrnlnq chars
RETURN

*ooo REW eatt bor o beystroke and feturn n in A

2010 A¢ o INKETS

2020 WAILE AF « *°

2030 48 v [MXEYVS

2040 wEND . )

2050 vEST AR WU o B B -

2000 R¢ ‘ )

2100 REX Send back 2 nusber 1n*s gatated at in ¢5 ty 11

200031 ¢ [T o 11 LS o RIDB(NS, L, 1)

2120 WUMERICT o { (L9 (o *9%] AKD (LS )e '0')) o (Ll AL RN W]

(SR I o O ' g

230:MILE WIRICT 1 3T -Q! BTy (11790 ‘

2040 MMERICT o 1 (LY (o 9%} ANB (L3vDe 0% L S RN NEIAUN X

i

MU S I

00 wxd . . o
2160 Weo VALIRIDEDS, I, 021100
J190 RETURN




I RER e{aw the savetore preashls 3
20 1T+ I\
2220 WAILE © (RIDSEDS, 1,000 <) TINCR:® ) 4 11« 11 ¢ ) ¢ WEND

2773 [T« 11+ & 1 6OSUR 2500 1 RER A = TINCR
2730 TINCR (wAVED) = R
2260 WWILE 1 (RIDBIO8,IT,4)) € *YIERO:® t o Il = 11« |, WEND
273 11 ¢ 11 + & 1 §OSUD 2100 ¢+ YIERD = ¥
2700 SRILE ¢ (RIDSIDY, 13,800 O “YMAT:* ) 1 (1« 1T+ 1 1 WD
2203 11« (10 61 GOSUD 2100 ¢« YMRT « &
2290 RETURN
2300 RER faecute an FFT om o nvdwl
2310 PRINT o PRINT “Executs FFT on savefors 9 ( O -*jRALWAVEL;®) %) 1 [WPYT AV
2
2320 PRIRT ‘Do you need to typs the values of savetors §
1330 ASeImEYSi(F Ase** GOTO 2330
2360 IF tase’y*) QR (ASe°N°) TMER $OTD 2340
2350 PRIXT*CAR TOU TYPE 'Y° OR "N° PLEASE 716010 27330
2300 IF Asec1* 6010 2420
2370 FOR (3 « 0 T0 MR PTI(NAVED)
2100 viilenisDiwAvEL 1)
2390 1. FACTORsy
2000 ¥EIT 11
2450 €010 2340
U0 LS
2030 PRINT | PRINT * musber of pointsr *jIR.PTIINAVEL) » 1
460 PRINT . PRIAT * I(NCRi *j LIRCRINAVEL)
450 PRINT | PRINT “Wuseric detas®
2460 FOR {1 » 0 TO MR PTI(NAVED)
470 THITeD) «D(MAVELID) ' -
2000 PRINT Y7100 0031 (01, ~ /
2490 F (CSALIN ¢ 22} THER WOT0 2320
2300 PRINT 1 PRINT it amy Rey to continue®) : BOSUD 2000
%10 Qs
2320 .FACTORe}
830 X2 01
2340 WRPTMR PTTIMAVED)+14DIR MI(IR?INHDC-O:CLLH!II’ PROGRAR ll ACTION, .. BE
PATIENT ' R
2430 FOR {e) 10 20
1300 BCe0CeTi D2
2370 MEIT L
7300 BC=0C/ 20 )
2590 FOR 1s| 10 MRPT
000 TeDer(l)-K
10, ME17 §
2020 [MCoLINCRIMAVEL)
130 CHAIN NIRDON. BLJ°, AL
2660 PRINTSCO YOU MEED TO MOT THE
2470 ABCIMKEYS L AS='* QOO 2470
2000 1F tAse’y*) OR (AS2*R*) THEW GUTD 2700
2090 PRINTSCAR YOU TYPE 'T° OR “W° PLEASE 7:60T0 2342
2700 RETURN. MOs4
2110 IF Asen® WOT0 2740
1720 FOR 101,10 WRPT
T3 MOT(emiD ;
2140 WEIT .| o S
7% CHATR'MOT, 0L, AL
2740 COMMON YT, INC,CR, INBEXTL) ,CHE () ,IRPT PLOTOY, Y. Fiﬂﬂ
27°0 CHALR® J00WFFT. LJ*
3000 -REN plot the waveiore - . .
3010 PRINT -+ PRINT *Plot wavefora 0 ( 0 -*)MALWAVEL;®) *; o INPUT WAVER
3020 TNINP = 0 ¢t INAIP » 439 - YNINP « 0 ¢ YMAZP o 199 [ NARGIN « 10
xowwsulmo'n-nm1mml-4nm1-nn-o
3040 PRINT ¢ PRINT *Plot waveforn § { 0 -*;MAL.WAVET}") *) 1 [NPUT WAVEL
3450 ISC » (IMATP + ININP = (2 ¢ RARGIND) / WR;PTRIWAVEL) ¢
1040 YOFF o ( {YRAL - Y1) / YRAWGE,] ¢ ( YMAIP - YRINP - {2 ¢ MARGIN) ) .4 Ilkgll

SJWAVEL S (/) 7t

*IRRPT) " POINTS WINDOMED WAVEFORR (Y/m) O°

’

158

s

J070 (SC . . TRINP - 2 ¢ RARGIN) 4 , rR&mGE
L1080 REA glat
JC%0 REM put on {1nes
5100 SCREEN 2 KET OFF
S0 (LS
T120 LINE (I0FF YRINP)- (XOFF TRAI®) o LIME CIRINP YOFF)- (IMAIP YOFF)
J130 RER plat the eavetore
1140 1P+ TOFF | TP « ( DOWAVEZ,0) - Y1 ) ® YSC ¢ TOFF 1 PSET (IP,YP)
SU0 FOR IX » ) TO MR.PTI(MAVED) 3 TP o 11 ¢ ISC « IOFF o P » 5 D(WAVEL ID) - 7
L) 0 ASC ¢ TOFE 1 LINE -UIP,YP) o MEXT 1T
11e0 6OSUD 2000 « REM salt for Reypress
$170 KEY O 1 SCREER O
3180 RETURM
3190 REM detereine YMAT & YIERG
L3200 TRAT = ~( 701817838 ¢ YNIN = [ 701412830
5210 FOR (1 «0 TO MR.PTX(WAVED)
3220 (F (D(MAVER,IT) < YHIN) THER TAIK mavu n
5230 IF (DCWAVED, 110 > YMAL) THEN YNAL » D(WAVEL, I}
3260 ®EIT 11
1250 TRAMBE. « TRAL - THIN
3280 TAAT 5 YRAMGE / 7
1270 nt:}"%‘tm - (YRAWGE / 21
3280 Rt1
3300 RER Save wavetors on
S310.PRINT ¢ PRINT °*Save wavefore § { 0 -*(MAL.NAVEIL;") °*| « [WPUT wAVEL
3320 PRINT ¢ [WPUT “Please enter nase of file of wavefore to save " ;WS
3330 IF ( LERCF®) ) 0 ) THEN PRINT o PRIRT DELLS;°Too aany chardcters (B sasieu
e1* 1 6010 3320
D380 NFS 4 WEQ o 2 WFR°
2350 GPER M4 FOR OUTPUT AS 01
3350 IF RESCUEY TMEN RESCUET o O o PRINT ¢ PRINT SELLS/File does not enist® 1 P

TRALP -

RINT 1 PRINT *Mit sny key to continue® 1 60SUD 2000 1 BOTO 3420
3370 PRINT 41 0. PTI(MAVEL) ¢ PRINT 1 ZINCRINAYED)

3380 FOR [ ¢ 0 70 MR.PTI(NAVED) -

2390 PRINT 41,D¢wAVEL, (1)

300 MIT 1T . -

1610 (LOSE © .

3420 RER

S430 RETURN

2300 REM Retrieve savetors iroe sk,

3910 PRINT : PRINT “Do you sish to dee the catalog of wavefores 2 *; ¢ 60SUD 200
3 s REM got & teypress

3320 IF YEST THEN PRINT 't PRINT g FILES *e.efe’

T30 PRINT ¢ [NPUT *Please enter nese of file of mavetors
TT40 IF (NS e **) THEW BOTO 34

2330 IF (-t IR[GHTS(FS, &) ()/ RS ) AND ( (RIGHTS(NFS, 41) (O “.wfa® } ) THEN
LANN THORN 40 A

~,

triave NS

PRINT : PRINT *Stor. ’mom nweeo ~-.m.um.-) ) 1 INPUT WAVEL
T WANE 1§49 §

\

‘\D\“ (F SAVELe] THEN NANEISsIFS

I564 IF SAVELs2 THER WAME28=IF ¢

ISUEE_WAVELE) THEN AREOSSIFS
3570 OPENIES FOR. INPUT AS 01
3390 (F RESOUET THEILRESCIET »°0 ¢ I« LENOFS) ¢ IS o LEFTSINFS, (IT-40) ¢ OPE
WOFS FOR IUT S 1) -

1390 [F RESCIKY THEN RESCUEY » 0 3 PIIIT  PRINT SELLS; File dons aot exist® 1 P -

RINT o PRINT it any ey to camtinue® 1 SOSU 2000 » 6010 3650
3600 PUT 01 Q PTL{MAVEY) ¢ JWPUT 1, TINCRINAVEYL)
3810 FOR l‘l * 0 10 M PTI(HAVED}

3020 DIPUT 01 DOOWEL,IL) /

030 1T 12 AN 4

1840 CLOSE 01 g o
J430/%€R

3800 RETURN

3700 RES Mooy

TNo s -

\

~



159
f
~
°
720 MAEO0ICETS? 3420 iF savile] THER ReenARE s
373 PRINT “FUMCTIONS:® o PRINT 3427 1F AVELe0 THEN RS<RAMECS
1740 PRINT * 0, Quit* y 478 PRINT Bavefora naee 1 * (RS
37%0 PRINT * |, Load & wavetors froe the scope® 3430 §0SUD 2000
1760 PRINT * 2. Duep & savefors to the scope’ ' 3040 SCREEN 0, O
3770 PRINT * 3. Execate functioms om scope’ . 343¢ RETURN
1780 PRINT * 4, Esecute an FFT on 2 esredore’ 3480 REM TEST '
3790 PRINT © 5. Plot the wavefors om the screen’ 3470 605U 10
3300 PRINT * 4. Save savefors on dlsb® 3450 FOR 11« 0 T0 127 4 040,110 - RIDUIIeRNDIIIe4-2 & WEXT 1T
3810 PRINL ° 7. Retrievy savefors OrMQHl‘ 3490 M. PIL(OL o |27 .
1820 PRINT | PRINT *Please enter o nueber (0 -*|MICHOICEL;") °f 1 DePUT (WOICE 3500 1INCR(0) « 1 ;
43710 6010 2
3830 (LS $000 RER string shortening routine
3840 1f { (CHOICEY ¢ O) OR (CHOICED ) MAICMOICET) ) TWEM 6010 3700 4010 RAT.DIBX « 10
3850 O (CHOICET + 1) GOSUD 1870,1300,1700,200,2300, 5000, 3300, 5300 4020 WHILE ( (LEFTSPS, 01 o * A
3880 6070 3700 W30 11 » (ER(PIY
1870 €M $040 PS = RIBNTS(PS,1{2-10)
€000 REM error gedrowting 4050 WEMD
4010 RESTUEY o ¢ (ERR = ST) OR (ERR ¢ 321 ) 6080 11 = LEMIPY)
4020 IF WOT(RESCUEL! THEM SCREEN O o PRINT NELLS("Uine*jERLy 1 ERROR ERR 1 £WD $070 IF (11 o RALDIST) THEN BOTO 4110
4030 RESUME MELT . ’ 080 RER ol4e
5000 REX plot the wave - 4090 IF ¢+ ILEFTOIPS 1)) « *- ) THEN L1 RAD.DIGI ELSE L1 = RAL.OIST - i
$010 NPIT » 830 5 MPTI « 190 ) TAT o 5 ¢ $A2 ¢ 5 LML » 70 1 RAL = J0 $100 [F ¢ (RIDE(PS, (1T-3),100 « “E"1 THEW P§ o LEFTEIPY, (LT-41) » RIGHTOIPY o
$020 PRIKT 3 PRINT ‘Flot gavefore § (0 -*iMALWAVEL®) *) - [WPUT wavEl USE PS5 o LEFTSPS L) '
5030 GOSUD 3190 1 REM duteraine your, yain 8110 RER
$040 § « (LOG(YRARGE) ) /F(LOS(10)) - . 120 RETURN
3030 TFAL = 10 ~ (INTC(DN) ’ 7000 RER Gate for mext sudrowt
5060 THINP « (INT(YRIR/TFAC)} ¢ TFAC . - TO10 OATA 0,13,2,11,5,12,5,0,8,1,7,2,0,3,9,4,10,5,11,6,12.7,13,0,14,9. 2410
3070 TRAIP « (INT(YRAL/TFAC) ¢ 1) » TFAC 7020 BATA CLORRZF BASL2NUSBRANU, C1BFRUDM RZINSRVS momnmmnm '
3090 IRAMGE o TINCROVAVEI} o MR.PTUMAVEDL) . 7030 DATA C1BOERZFDGL2R2F DL 2HPRABUS, CIBREGARADIUABRZ, CIRELADINIFDGL IDES
$090 0 < (LOB(IRAMGE)) / (LOS(ION) 7080 BATA C1IRRIFBLADSFR2EUR 2IRSIU3 JCIRADAREINES, C1DRR2FDOL 2MUDD 3DF R2EUBRZIUE
$100 STFAC = 10 ~ (INHID)) 7030 DATA CIPARIFOAGR 2USRZL 2UBRENG, CIREL DSR2 B3R DR2IGE ,C1503RERN2BU3
*S110 (MAIP « (INT(IRARGE/ITEAC) o 1) ¢ ITFAC ] 7060 BATA CLINADRZRZCOLCIMINGS, CIMZDOAUZLININTRL]
3120 1SC « (WYY - BMD - AT} / (YMAIP - YRUNP) » (-1} - 1070 FOR 11+ 0 70 13 ¢ READ JT,KX ¢ CN, INDERZCID) « K3 1 1T 11
5130 TOFFY = WPYL ~ BAL - (YAINP ¥ TSO) - 000 FOR {15 0 10 13 4 READ CHSIIT) 1 WEXT I
$140 10FFT = (M 70%0 RETURN t .
3150 15 » (WIT - LN - RATYY IMATP §000 AEN ¢con ausbors ‘
5160 REM plot b ) ' 8010 FOR {1 « | 10 (LEN(PS))
$170 SCREEW 2 o KET OFF ¢ QU w (1 . . 8070 DRAW CWSCH. [NOEIT(ASC (NIDS (P8, 11,1)1-431)
ALI0 TPL « TRALP 9 15C ¢ ¥ t TRg « TRINP ¢ TSC ¢ TOFR1 030 1T I
S1% FOR T o ¢ 10 {IMIP o 1.01) STEP LTFAC 1040 RETURR
$200 1P o 1 # ISC ¢ IFFL . 90% ;
210 LIRELIP, YP1)-LIP, YP2) ) 8040
5220 IPRINT « (INT(T ¢ 1,0001 / ITFACH) & TTFAC 9070 .
5230 PS » STRS(IPRINT) 5 GOSUB 4000 ¢ REN qot strimg ready toprint (] "I N .
3240 PRESET(IP, (VP2 ¢ 21) — 0o, R
5250 GOSUR 8000 ¢ XEM print strisg N ner
S200 MEXT I ! nio .
710 1P = TOFFL ¢+ P2 « IMAIP ¢ ISC ¢ 10FFY 7120
FOR Y s TP m (YMIP ¢ (.01 » YRARGE)) STEP TFAC . 2130 4
S190 P = V.0 7S YOFFL g 9148
$300 LINECIPY,YP)-41P2,YP) ! 3 130,
S3I0 TPRINT o (INTE (Y o 001 o TFACH / TFAC)) ¢ r(@ e :
5320 P5 » STRECYPRINT) ¢ $OSUB 4000 810
3330 11 » LEN(PE) 3 PRESET((IP1-2-(4e12D),TP) . . 7000 AER LEEE-489 INTEFACE FOR THE 1M PC v4.10
3340 GOSUD 0000 3 REM priat strind ‘ : 1010 KR - WITTER [N ADVARCED DASIC
9350 MIT Y N 020 RER AND INCORPORATIME ASEENSLY LANGUASE ROUTINES 10 llul!ll
3380 REM stark sctual plot . 9930 R DA« BRIVEN P13 TRANSACTICNS LI '
$370 1P » IOFFL 1 VP o uum 0) ¢ YSC o TOPFY, ) PSET(IP YR W40 MR THE ASSERNLY Lm ROUTINES MUST D€ LOADED PRIDR 1D ERTERING
3300 FOR 11 o 0 T0 R, PTTLBAVEN) 9030 RER DASICA 37 TYPING *SUNLID®. THEN TYPE, *MSICA*, LOM LECEsTL. pas,
510017 = 11'e CINCRIBAVEL) ¢ ISC o I0FF1 Vst 00 RER AND AL sunnunn A8 BESCAINED N THE ML,
3400 1P = D(MAVET,IT) ¢ YSC ¢ YOFFL DY 2070 REA
S410 LIRE-(IP,YP) - 1000 REx mmn FOR TECAMR, InC,
s mIT I o . . 90%0 REN 1] ' A
4472 LOCATE 7, Inif WAVELs] THEN R3ZMAXEDD P ' . 200 REx §COTT L. J0MSON

.

. ) i 1110 RER
. Y20 RER () Cumqn lnw. lac. 1992,1443
. 1130 REN
2140 REN eos0avennsessrreses nm oF WIWH‘ HENISETII0R 000009000




APPENDIX 3

<=Listir'1g of the 7, the f;4 and FFT programs.

1080 BELTAI REM SINCLUDE: COMDEF : s

12V FEIRLIIRPUT “pleese enter nase of 11le of wa.efors Lo retriece’ nf 8
330! 3

3’1:;: 3301401N O INDEFT L3014 01N CHE130),1(312) ,FLOS 1101, SARS 1200, LOT (5301 01 140 IFCCIRIGHTSORS, 401 ). WER 1D RIGHTS 'S, 411" ata 11 THEN AF Gonf ° g

10 e "

e a . 150 OPEX NF$ FOR {NPUT AS 91
160 [KPUT 0L, NRPT:MRPTaNRPT+|

12 ORI PROOR AR hd M

. o 1 ' : 170 CLSIPRINT*BAVEFORN KARE: ) 0§

o . 180 PRINT"MRPTe;aRPT

I . 190 IRPUT 91, 10C -

- 200 PRINT*IRC"; INC .
210 FOR 11sf T0 MRPT

17 = 109 progran comters ainput artay Y(II, congres the OC contents, 220 RUT 8 TCID
.

18 wnd sultiplien it with o eoftfied Hassing sindow function. Ihe results

19 “thataned® te the grogran *PPPROG2.BAS® mh s FFT ted. 230 w1l 11
n srogr ore o s cospute 20 QLOSE 0t
230 OCso

100 CLSISTREEN QiPRINTIPRINT Do You 21ch to see the catolog of wavefores (T/N) ?
. 200 FOR 1221 TO 10

270 DCs0CeY (1T
%0 %I 11
290 0C=0C/10
300 FOR [2s1 70 MRPT
310 DY D -3¢
320 1T 13
90 -
S.O N “0!000000‘0""‘000000!]’)‘ Nl] M' [5 C[I'(EXED"IIOOOOOQOOQOO'HOOOQO
590 . .
400 MATT=0;RAIARRAYs-1 , SE-30
10 FOR Le) 10 xRPT
420 IF ABSIYCL) 1CARS (MATARRAY) THEN §0TO 440
430 MAIARRAYSY ([} MAL[x]
+40 XEIT | )
830 IF (MIDSMRPT/2-2) NID (RATTCANRPT/202) THEN 6070 650
400 IF MAXTIRPT/2 THER 60T0 700
. 470 SHIFT=MRPT/2-MAL1 ) : '
480 FOR 1sSUIFTe) TO RRPT h .
0 MDevi-8HIF - :
700 X7 |
710 FOR Is) T0 SHIFT
720 ACL)%A(SHIFYo1) R
730 W1t | :
/ 740 FOR 1u] TQ NRPT .
' 730 Ttlhieatl)
100 EIT ) : ‘
770 6010 880 .
780 SHIFT-MAII-MPT/2
790 FOR [o1' T0 MRPT-SHIFT - -
) 80 ALL1eT(ToSHIFT) .
N 810 €17 |
: T 020 FOR I-MRPT-SKIFT 10 WRPT .
030 ALL) oA (RRPT-SHIFT-1) o . , ,
840 %17 1 : :
230 FOR 1s) 10 wapT } . .
WO Vst - - .
. ~ "o | g )
. : - . . 80 ° H0sssRs 0T HANING MINDOW 1S AntlEDnumommuuguu
. h . -t -, .
090 FOR 13 TO 28 - '
400 BUITIE, S4e 400C05( (3, S4ISI2US00INCH(12-113 /1240100 1)
<)Y ot S .
R 20 FOr 111 T) 2% - R
i ] : : W YD D -1 .
140 YUITe231)aY(125231) amtY) L .
hadl L2 ¢ SRR

110 ASeLMETYHIF Aga* 010 110
120 1F (ASe“Y*) OR (Ags®y*) IHgN PRIRT:FILES *0 wFme

o ) . 5 \ K " 000000008 tt1an s THE L. |5 CALCULATEDS# 240408000000 00000000004
. 2020 - o . :
e : . : ‘2030 MX!WIMIW’QY#I..':E-M v : ¢
. ) . R . 2060, FOR [¢| T0 wPY -

160 - .



161
i/
2710 YSCo (NPYY-BNL1-TRL}/ (YMAIP-YRINP) 9 (- 1)
2030 1F ADSUT(I1)CABS(RATARRAT) THER 6OTD 2070 2720 LPRINTYSCe*jYSC) " WPYIe® MPYT; " THTe* IR " [MAIP’, iAA1P
2060 AATARRATSY(111RAE (=} 1730 "URINT BRI+ BT .
2070 EIT | 2740 YOFFXsNPYI-BAR- (YNINPoTSC:
2000 1sAall ‘ 21%0 10FFleaLNy
2090 BXILE ABSCY({)1)AKS (NAIARRAY/2} TN . . 2760 ISC(NPIT-LAT-ANY) FIRALP
2100 (oot 2770 KEY OFFWCLSIORAN *C1°
N 5 T 2700 YPLSTMAIP#YSCoYOFFY) TP2 THM@STSC 10FFY
220 (sl-1 27% FOR Ts0 10 (INAIPO1.QUISTEP ITFAC .
2130 PRINTRATARRAYe® | RATARRAY 800 IPIo1SCIIOFFL X
it mu-(n(nsmmmvmn-muuonm(m(mmmemm 0 LIKE (IP, YPL)-(IP,1P2) .
2150 UPL={+BELTA : 020 IPRINT(INT (101, 0001/ 1TFAC) ) ¢1TFAC
2180 Jenatl ‘ 7830 PS=STRY (IPRINT) 18OSUD 3150 .
170 WILE ns"unms(uwm/z) 2840 PRESET (P, (YP2e21)
280 Isi-1 ’ 050 605 3290
2190 WD ) 2840 MEIT 1 - @
2200 [s[st 070 IP1-10FFY, IP2=IRALPOISC+ LOFFL K
1210 OELTASL- (((ADS (NATARRAY/2) )-ARS (Y{]- =D OABS YD) -ABSIYLL-101)) . 2000 FOR YeTNIWP TO (YRAIPo (. O1OYRARSE)ISTEP TFAC
220 talsl-EATA - ) 2090 TPYTSCeTOFFL
223 DIFFsLPL-DN} 2900 LINE (2PY,YP1-(IPZ, 1)
2260 TFWRNSDIFFeINC . - 2910 YPRINTw{IMT (1Y Q01 TFAC) /TFAC) ) o TFAC
S250 #R0eRReeerenenereeenieTHE RESILTS CAN BE PLOTTEDI eoosaeeessesrssnstene 2920 © LPRINT *YPRINT=*y YPRINT
lisC . 2030 PS=STIRS (YPRIAT) 160SUD 3150
:.70 CLSIKEY OFF 2940 1TRLERIPS) (PRESET L CIPI-2-(4e(T0), 1)
2280 PRINT*00 you want to plot the ereay Y1) o 9% §0sUd 3210 . o .
209C ASSIMKEYS!IF ASa** 6070 2290 7950 WEIT ¥ ,
1300 IF (R$e"Y"I0R(A$2%y*) DR (ASe*n®) OR 1AS="N") THEN 6OTO 2320 an lhllﬂttOlD‘M"lutll)ﬂFD'GFX:'SUuP 114}
2316 PRINT'CAN YOU TYPE “Y' OR “N° PLEASE 7°15010 7290 2% FOR 111 10 WRALY [ .
'1‘0 IF (A$»*N°}0R(R$="n" VTHER §0T0 1320 2990 1Ps1T0INCHISC ¢ I0FFY : .
1130 FOR el 10 MRPT . 3000 YPPLOY(IT) eYSCoTOFFL
2340 LG 3010 LINE ~(1P, M) '
L30T , 320 MEIT 1T .
2360 eae0e 90 L T IO I TP ' 3030 $2+DMI0INCOISCIGFF L) I1 oGP (9 NCOISC e I0FFY
370 . . 3040 BELTAY=( (MAIARRAT/219VSC-TRINPOYSC) /20
300 MO SUBPROGRAN ’ [ 3050 FOR Ile1 0 %0 )
1% . . A 3060 T1o (RATARRATAR) $ YSCOYOFFY- [XEDELTAY
00 0 ‘ et RN eI 1070 PSET (11, Y1) 1P mz,m :
10 ) 2000 KEIT 12
U0 30%. LOCATE 22,43 . . .
30 - T™his progras 1s «sed to plot an array MOTIL). 3100 ’"""-M'l’-ml' s’ .
U - ° 3110 LOCATE 2,121PRINT *Navetors ¢ *)0FS -
%0 : " : . 3120 A8aIMKEYS)IF Ase"* Q10
2440 KEY OFF . ‘ ' 3130 8070 3300 %
2470 SCREEN 20CLSIPRIKT ENTERING THE PLOTTING PROGRAM...1T-8 CONAING '@, * . RUE B :
2060 NPIT=4390APYTn190: TNY ¢3; BT w3 LNLo70 RNT070 . - ise : . : ‘ .
2490 505U3 INY J180 © svevesnserecsn e} TRIIG SNORTENING SUBROUTINEseees0dnotoasenansnnosion
7300 YMAI=-{ 7Ee38) YNINa], TE23S Doy : 3 . a
2510 FOR 12+ TO MRPT 3100 MAL,DIRLa10 i
2320 IF PLOTUITICTAIN THEN YNINePLQT(ID) ) 39 WILE CLEFTSIY,10)a0 *) )
2330 IF PLOTUIL) TRAT THEN mx-nanm 3200 fTsLEN(PS) .
254 w1l 1 i . ST I0 PARIGHTS(PS, (1310 K
2350 FOR 11s1 TO meeY/2 : . 1220 )
2360 IF MOT{IX)eTMAL e ML el o . A 4 4 LU T )
‘2579 €T I3 . ' 3200 IF (T1CeMAL.DIAL) THEN §QT0 3270
300 TRAGESTRAL-TAIN . ' / R LLEFTR(PS, 1)1 0°-*) THER LTMAL, D161, ELSE L1-NAL.DIf2-)
0N TRLTeTRAME/T . : ‘ ‘ J 3260 IF 1ORIDSPS, 112-3),1))0 € LIMEN PosiEFTS (P8, ILL-01eRIBRTIIPY, GELSE Poayf
200 YIERD=YMAT-(YRANGE /2) R / FTS(,LT) ; .
210 1= (LDG(YRANGE) 1/ (LOG(10)) N 3270 AER ‘ o o B
W20 TEACP 1O~ (INTIRY) . , 3200 RETURN - : ) R
430 YADPsCINTIYRIN/TFAC)) $TFAC R S o Cow ) I .
440 mxr-mnmmmm)omc ’ o " ' b . 3300 ROSR0Ne et ettt MORDER PLOTTING SUBROUTIME®: "
- 450 IRANGESINCY(MPT-1) o . B :
340 1= LOGCIRNNGE) ) £iL0GE10)) - 7 3320 FOR 12=1 0 (LENCPR)} -
570 ITFACeL0~tINTIR)) R . YA 3330 pAAN- CHS (OH, muum:mmn.n SHIET MM
w0 mxhummlmmommx : ' 1340 mEI7 1T . .
290 "LPRINT “IRANGE«"; TRANGE; * THINP* \YRINP; nuxr-'mun , 13% RETURY
100 “LPRINT *ITFACe®(ITFAC* mur-ﬁmm . ' .
) ¢
‘ Y i
- P - RN
N .
| N
' P & ~ ) : i :
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Sl
33
1380

vesoessenraeeneDATA FOR WURBER PLOTIING SUBROUTINEeonstesanssssvens

. 'SOOMIIOUZH‘SIZJOOI72.')9.!,105116127133N??blo

\

400 DATA C1BRRZFOSGLZHUGBRORD, C1DFRUDSLRZIRINLS , CIDDERZF DEARABRZBUS
3410 0ATA C1DDER2FDGLINZFOR 2HBROIUS,CIBRAGARADZIOBR2 CIRALADIRIFDGL IBES

1420 $ATA C1BARZFBLADIFR2EWHL2BR3DUY,C IR4DBDGIBES, C1 BRR2F DSLZHUDDIOFR2EVBRZDUY
+ “430 DATA CIBRRIFDAGLIBUIRZUZHUIRGBY,CIRALADIAZL203R4IRTBUS, CIBOIRABR2BYS

1040 OATA CID0ABRZRZCOLCIDRINVA, CIDR2DDAUZL 284BR2DYT
430 FOR 11+ 0 10 13 ¢ READ JT, K1 ¢ CH.INDEITLIZY 3 K1 5 NEIT (1
*160 FOR 1149 10 ll READ CHBLITHIREDT 1T

,Uo ﬂ[!URI

*480 OATA WH33,AMCD,4HOS, $KSD,AHCB
19y

0
e

v .
.10 -
1940 INPYT * DD TOU sANT A PLOI&N THE 707%4 PLOHER ‘188 .
1350 1F 83a"Y" OR A$=*y* THEN GOSUB mo .
160 SCREEM 0:PRIRT*Type "0° to enmit.. :
Tvr) PRINT®. .or, type any other key (o orouN with the FFT cosputatian.’.
5960 ASSINKEYS:IF Aget THEN WI%SSBO
1390 (F 1a8e°Q* 100 (Age*g®)THEN £OT0 3810°
a00 6010 320 ¢
a10 END

5620 CHAIN®PROGZ®
1630 REN mnum PMLOTTER AN Pliﬂ&lﬁks

e,

9
’
-
. T . R
. P} v -
-
[ <
) 5
- . .
.
. v
v ,:“
\f
8 . . -
v o
[ E o
- . .
"t 't
. N : « L4
- . . .
1] © ° . - '.
. N E
. S ' N i
\:' . N
v e e .
!.° P P i -
. - . .
» ~

| REA $(WCLUDE: COMDEF"
3 DIR 1. WORX(102¢):010 X AMBLE (1024)

& DIR PLOT(10241201R CM(SOHN‘I CH. INDEXT 1301 ;DT (1024),T(1024) ,SARS(20) FLDS (10
) ) . .

0 e AT 180080
e ' ‘ +
b7 S _PPPROG2.DAS *PROG R AN [
53 . .
e (T2 * (131 "

5 )

b This progras is uspd togetder with FFT4. 945 or GAUSSIAN.BAS prograes.

7 An areay YUY 19 recelved fros either of thea these sispled poiats

38 are used to f1l) the center portion o & 1024 goints array , 1.e. 1.REAL.
39 Another array I.IMAB(I1,fh filled with 1eron.Both arrays are passed to
80 * the subprogras FFT where & Fuk Iounor Transéors i3 ca-puud
100 -

101 uuuuunouuun{ cms}urs ARE DUlu[nnnunun"nuu«nun
102

118 PSTART=(1024-NRPT) /21PEND» (1024~ PSHUU)'IHIII-WT

119 MRPTSL02610ELTAF oL/ (102001NC) .

S200  eesevasccciarneneesTHE ARRAY I IS pﬂl(bopuunuouucunuunnn

201

205 KEY OFF1CLSI LS RPT) /LOB (21 1N IND= 1 (NPT~ bl .
430 FOR J1a1 TO PSTARY

0 LRI

893 PATLL) =R REALLY)

0 LIMPIY A

10 %M 1 e

120 FOR SXPETART4L 1O PENG-3

) !.ﬁ“(ly *T(11-RETART}

AISMLOTEIL) o1 REAL (1)

800 1 INMG(ITIS0"

YSONELT 11 ]

100°FOR 119PEND 10" WRRT

0T REAL(IT) %0 - » . - " -
973 mOTDbREM T o
10 1,181 11) =0 N .

990 MEIT 11 o N

omm o R

1000 5 ypeenesvonaprane Taeeeanes NPTy .
Pog o :

Y og
LU S

0 SN * "
P . .

o Ygu |ro|ru is uud té (nutl [} rm Fourter Transforp on
1076, luut mqy, 1.The FFT results are plotted.
1080 o # e
1340 mmmmmuumsl uwn(, " YTy
3% nater 15160t fog Formard TranViors
1% . ¢ Lo 1816Me0 for lnverse Trantéors

00, e ! . .
#N lﬂ WQCL"SWIIY'IM TYPE OF FFT DO YOU If.ED * ’ 3
},nnm"mm'mt 'F* FOR FORWARD TRANSFORN ,° :
400 PRINT®. -8R 21°cFOR IMVERSE 4* .
m“g-j”umu--- 6010 1410 o . .
. \ -

a—



1420 [F ASa"5*OR R¥"f* QR Ase"[" OR A$2"1" 60T0 1440
1430 PRINTCAR TOU TYPE "F° OR '1° PLEASE 2*:6010 1410
1040 IF ageF" OR A9s"§" THEN {SIBNa)

1439 [F As=*|* OR Ag=*|* THEN [S1G%e0

1480 (LS:PRINT*PROGAAN 1N ACTION. . BE PATIENT '*°
1479 :

1480 e0nneeneoressoerss o SEGIINING OF THE FFiosoecisensssnaserestrsesarlrnree
%0

1500 M2 MINV2EN/ 2 NN oR=13 )01

1310

1320 FOR [=1 10 w1

1330 IF 1>«) THEW 60TQ 1570

1340 T.REAUSL.REAL (3)1T. IRABS1, [RABLY)

1330 BLREAU (1= REAL{LDS L, [MAG(J1 oL, [ARG(]T

1560 L.REALEIIeT REALIT. JMAG L) =T, IRAG

1370 KeRy2

1380 1F K>=) THEW 6070 1820

1990 JoJ-1

1800 Kax/2

1810 §0TC 1380 %
1820 Jajet N

1630 NEXT 1

1640

1850 Ple3, 141392653389799

160 CLS:AINT(Re S)

1663 PRINT WAVEFORR NAME 1 °NF

1870 FOR Lat TO R

1880 PRINT TAR(SoL} A-Lod;®r® |H * 10 80.. .

1890 LE«2"LsLEToLE/2

1700 G REAL=T1U. (ARGeT, 79999990-21

1719 IF 1SI6mst THEW 60TQ 1780

1720 W REAL=COSPL/LEL) 10, INAGSSINIPI/LEDY

1730 LPRINT ‘W REAL ;9. REAL;" W, IMAGe* N, [MAE
1740 6070 1770 :

1730 W.REAL=COSIPE/LEI) (¥, IMABS-SIN(PI/LEL}

1740

1770 FOR Jey 10 LEL

1780 FOR (= 10 m STEP (€

179 1Ps oLl ) -
1880 T.REALSI.REAL (IP)0U REAL - 1.IAAG(IP) oY), [NAG
1890 T.[MAG1 REAL ((PI oy, INAS o l IRASTIP) #U. REAL
1899 Sh2 FFFFF°

1900 SLREALLIPY=T.REAL(])-T.RER

1910 1. IBAGLIP oL, IMAGLI) T, IRAG

1920 1.REAL(1)n2 REAL(]}eT REA

1930 1, IMABC) o1, IMABLI) T, lMl

1980 REIT |

2000 T.REAL»U,REALOM.REAL - U. [MAGIN, [MAS

2010 T, [WGsU, MEALE, [RAG ¢ U, [NAGON. REAL

2014 U.REALST,REMLIV. INAB=T. [AAS

2020 WELT J )

2030 ¥EIT L

2000 ABRYS"GFE°

2050 PLAY MARYS

2060 IF CRECKst 6OT0 2070

2070 PRINT®DO YOU MEED AN INVERSE FFT OF THMESE RESWL.TS (v/m) 2*
2080 AB=INKEYS:{F Ase** GOTO 2080 N

209 (F tR¥n°1) R (Ag=eR®) THEN 8070 2110

2000 PRINT*CAN 10U TYPE 'Y OR "N° PLEASE 7'|8070 2080
2110 IF As=*N* GOT0 21%0

2120 CHECKsL

2130 1516M=0

2140 GQTO 1480

2190 FOR 141 10 MRPT

2200 1.NORMC113SOR UL REAL (11208, 1TAGLD) 2

2210 NI |

N

31

1160
2370
2180
ALY
2100
410
470
M
U
2430
2440
30
480
2400
80
2490
2300
17
23680
2383
2190

2700,

2o
%0
73

s 2740

1730
6o
10
2780
o
2800
2610
2020
3%
2833
840
8%
2080
870
2480
8%
2900
2910
3000
001
1010
"3020
1030
pOIL
3090
3080
3076
3080
10%0
IV

. 163

KRP 1ot
IWCoQEL TR

PRINT*DO YOU MEED 10 STORE 1.MORK{[) ARRAY [N A FILE tv/m> *
Ao IMKEYSLIF A= GQY0 2340

[F 1a9e°Y*) QR (A$e*N*) THEN BOTO 2390

PRINTCMR YOU TYPE Y OR R PLEASE " (50T 2380 .

IF Ase‘m* 8070 2470

PRINT: INPUT Plaase enter the naes of the f1le to be saved 1 * B9
IFCHRIBHTEADS 410 (O FFT IARDCIRIGHTHCDS €10 148 )1 THER DoaRee® §61°

0PEN B3 FOR QUIPUT AS &1
PRINT 81,312

PRINT 01,10

FOR 1e1 10 %12

PRINT 01,1 MORN(I}

REIT .
CLast

Ss00nerererroentstsTHE RESILTS ARE PLOTTEDetas

ITTTYTYTYYYYY

FOR 1a1 10 102¢
PLOTEL) =1, NORMC(T)

NI

00

FULL=WRPT o INC .
COIIREP RN NIt IIIr I RPtORseRsiteettre L I R RN R YR XY Y )
. 2 .
¢ PLOTLAI® SUDPROGRANR ’
L] L)
l000000000.'0.00‘0!0000'0.!000"0!.0"000'00'0"0l"...‘.tt"..lllllt

This prograe is used Lo plot the Tesults of Lhe 771,
XEY OFF
SCREEN 2:CLS1PRINT-ENTERING THE PLOTTING PROGRAR...1T'S COMRING '

RPITed39:MPYIS1901 TMLad: INTaS:L ML 70: RALe70
1F RET.M0s| THEW GOSUB 4470

1F BLOReS THEN 6QT0 3130

TAALa- 176355 YRINY, TE03S

FOR {1s1 10 412

1F PLOTLITICYRIN THEN YALNSPLOTIIR)

1F PLOTCIZ) )AL THER YMISPLOT (12}

I 11

FOR 11=1 19312

IF RLOTIILIeYRAL THER MAL. [o[1

NELT 11 Y %

F00000000000000000THE 3 ¢ FREQUENCY i3 CALCULATEDIs0sessnssnsestsessne )

DELTAS1. 33620 .

FOR 1asAL.T 10 WRPT .
TESTOELTAARS (PLOTHL) - YAAL/Y, 414213} ’
IF PLOT(D) CYRAL/1, 414213 TREN BOTO 3090

IF TESTOELTAYDELTA THEN 6OTO 30%0

“LPRINT *DELTA«*[DELTA e

Fum, uou-nocm-rzsrmu :

3110 MEIT |
3120 [NDET=F WM. INDET+ (PLOT (Fum, llb(n YAAL/L. (HZlX)/m.Dl(flM IIKII-PLOHII
WL INERe L)) - ) .
1130 LOCATE 3,45 N

J140

FiRe LTNDET-1) 0DELTAF 9 N

Hw CLSIPRINTRANGER Fin L wpe *

ARTuvar Yem.e. Pune. s e




SI70 PRIRICCIPRINTC NG range 1s
5100 Ate [MEEYN(F ASe** §QTQ 3100
1102 [F1ASe*T*)0R1AS2"y " )OR(ASe N7 1OR(As*n*) THEN 6QTO 3190 N
3184 PRINTCAN 10U TYPE "Y' OR 'N° PLEASE 7°16070 3160
3190 15 (NS=*R*)0RtAS=*a") THEN §OTO 3200
313 6010 4000
3200 PRINTS PRINTSMRPTo (MRPT,* pornts.®
1203 IWPUT What new valee af RAPT do you want® NPl
3210 ROB=3:6010 25%0
4000 TRANGEYRAT-TA[X
1010 YRR TsYRAIGE/T
4020 TIERO=TAAL-( TRANGE/2)
1030 Be(LOM(YANNGED )/ ROB(103)
€040 TFACS10* LINT(B}}
4030 YR{WPe(INTCYRIR/TFAC) b TFAC
4080 TAAIPSCINT(YRAL/TFAC) ¢ () ¢ TFAC
1070 IRANGE«1NCe (NRP1-11
4080 Be (LOG(IRANGE) 1 /CLOB(2))
1090 TTFACS2°LINT (D)}
$100 IRAIP= (INTCIRANGE/RTFAC) 011 oITFAC -
4110 (PRIXT "TRANGES*;IRANGE;® THINPs* ) YRINP;* TRAIPs*|TRAIP
§120  LPRINT “LTFACe* ITFAC|® IRAIP=*[INAIP
4130 TSCo(NPTL-ONT-TNL)/ (YRATP-YAINPY & (-1}
4140 CPRINTTSCe*;YSCH® WPYRe*WPYY;® TNTe® TR " IMAIPe* | IRAIP
N30 CLPRIATUINL (INT .
$160 ° YOFFLNPYY-ONT- (TRINPOYSC) :
CALT0 TOFFIM M
$180 IS0 (NPIT-LAL-RAT)/INAIP
4190, KEY OFF1CLS1ORAN °Ci°
4200 TPLaYRATPSTSCoYOFFLs YR2YRINP S YSCoYOFFL
4210 FOR 100 10 (IMIPOL,01)STEP ITFAC -
1220 (Pe10LSCoLOFFT
4230 LINE (IP,TPLI-(IP,YPD) Rl )
4200 (PRINT=CLNT (101 0001/ 1TFACH o ITFAC R
4750 PE=STRS(IPRINT)1GOSUB 4440 ' .
4200 PRESET(IP, (YP2e2))
4270 60SUD 4800 . :
4200 METT 1 . . .
4290 1P1oT0FF L. 1720 TRATPOISC S LOFFL y
4300 FOR YYR[NP 70 (YMAIP+(.O14TRANGE) 1STEP TFAC
4310 YPeToYSCoYDFFL
4320 LINE (aet v un ™
Al mm-umu- O01OTFAC)/TFAC) ) ¢ TFAC N
4380 LPRINT *YPRINTs* YPRINT
4330 PEeSTRECYPRINT)260SUD 4440
4300 [TaLER(PEIPRESETELIPE-2- 1aslX)) ,TP)
4370 8OSUD 4400
4100 MEIT ¥ .o
4390 IPe10FFL, YPAPLOT(E) IYBCOTORFLaPSET (P, TP v .
4500 FOR [Ta1 10 mPY oy
A0 IPe(IT-110INCOISC « TOFFL
4420 YPPLOTLIT) 0VSCYOFFYL
0 LINE (e,
440 NELT 12
4430 6010 uoo !
Y ACR -
Wwio - ARE00 0000001 00STRING SHORTENINS wmrl‘nnn_lnnnuuuuuu
(1] ] o .
(% MALLDIRLs 10
4500 WHILE- CILEFTSIPS, m-' "
310 1TaLENIPS)
1520 PESRIBHTHPS, (1T-1)
1330 wemd
4340 1TaLEn P
A9RA 10 PIV/ AT ATRYTUEYW GATA A

“iFULL/FWHRL® tises the § 3a8 0 e 0t OX - v "

164

CeFTE €1 et -t THMEN LI#AAL, DIET ELSE LT=mAL.OIBY- .
BILEES 1130 L e E T THEN SRt R TR P 141 eR 1Bk SIPE 415 5E rdeLE

380 #
570 F
FlePs L 1)
4380 RER
4390 RETURR

00 '
4810 cecranrerrverssadUNBER PLOTTING SUBROUTINESeeeseestecarersstrantacnts
W20

4430 FOR {2af 10 (LEN(PS))

4540 DRAW CHS(CH, INDETTC(ASCIRIDS(PS 1T, 111-43))

430 REIT 0T

4660 RETURK .
(1%} ’ ’

4473 RET.M0=0

480 esvenresesceessDATA FOR NUMBER PLOTTING Sulmurll[nnunnuunu
Wwe

4700 OATA 0,13,2,11,3,12,3,0,4,1,7,2,8,3,9,4,10,9,11,4,12,7,17,8,14,9,2¢ 10
€710 DATA CIBARZFDAGL2MIADRABY CIDFRUDMLR2DRINUS  CIBDER2FOGURABR2IVS

4720 OATA CIBOER2FOSLZR27 DGL2HBRABUS, CIAR4BARADIUABR2, CIRALADIRIFOBLSBES
4730 DATA C1BRR2FILADAFRZEUML2BRIDUT, CIRADEDEINES, CIBRR2FOGL 2HUDDIOF RZEUBRZBUA
4740 DATA C1BRR2FD46L2BUSRZLZHUBROBU, CIRALADIRZLZDIRABR2BYS, C1BOIR4BRZBY]
4730 DATA CIODaPRIR2COLCIBRIBUS,CIBR2DDAUZLIRIBRIIVY -

€750 FOR 1 » 0 70 13 ¢ READ JT,XT ¢ CH.INPEITUJT) = K1 ¢ WEIT 1T

4770 FOR [1e0 T {3:READ CHSLITIINEIT 1

£780 RETURN '

AT90 0ATA RW33,YHCD,4HO3, AHSD,LHCD

L L]

1810

10010 LOCATE 3,43:PRINT"F. Sadn" {Fukn; "k N

10020 DELTAY»(1YRAL/1. 4142130 07SC-TRINPOYSC)/20

10030 3i=¢IRDEI-11¢[NCSISCOIOFST

10040 FOR 1203 10 20

10030 Y1e(YKAT/1. 4342131 075CoTOFFY- 110 DELTAY

10040 PSETHLL,T1Y

10070 MEAT 11

10080 LOCATE 2,32:PRIN]"Wavefore Aase } *|NFY

10090 AS=[NKEYS: F As«*® §0T0 10090

10100 INPUT *D0 YOU-NEED A PLOT ON 70904 PLOTTER * | AS

10110 IF asi*ye om At=y" THEX GOSUD 10170

10120 CLSIPRINT Do you need to execute an FFT on another eavefors (v/m) 7*
10130 AssIMKEYS:IF A$»** THEN 60TO 10130

10140 IF (ABs*n®) DR {AS=°N°)THEN GOTO 10180

10130 CHAINFFT®

10180 £XD o
10170 REM INITIALIIE PLOTTER AND PARANETERS.

N

.



APPENDIX 4

Listing of the deconvolution program.

LN
S eh30n O INDE S

L 21,53k, 204 FLEBHL0)

T3er PUTSIZY

Sosim R IRTER(S12) RESCSID)

LU e

Alned
30 [TITYTIZITYS
RU
37
T

. * .

"00UT.BAS" P ROGRAN

PR TI Y II T TY T I

9

b1

N TNiy progras Is used to divide the array NUR(ITY by
b OERII11,and to store the results in another array KES{IT), The three
< arrave are olotted,

(LS SCREEN Q:PRIMT®
ase [MKEYE:[F ASe®®
1F (A$=°Y*) OR (Ags
o PRIKTIINPYUT glease

Do you wich to see the catalog of sevefores (Y/N) O°
6070 108
“v*) THEM PRINT:FILES *o.FFT*

enter nase of inpyt wavefors file ‘,LH .

ouuoguu-nuuuuun( ARRAYS ARE DEFIKDOuunuuounouou:;no;

DIOFCCRIGHTSOLES O O FFT IMRDCIRIGHTSILE S 410 O0° 442" ) ) THER LESmLF8o° 5F

3 OPRINTINPUT*please

322 TFCCIRIBHTS(RFS 03O EFTIANDUIRIGNTS(KFS, 401 () 442°) ) THEN KFSsKFSe® FF1°

s

OPEN LFS FOR 1PYT
YT 81, NRPTL
1T 01, (801

PRINT*NUMERATOR o

FOR 131 10 MRPT
INPUT M, Y
NI
PLOTLFLI o0EN 1T
@ n '
46 LosE

WFEaLE §1RETURN. WOs 1
79 6070 2000

R

00 H+R0000 RN
e .
23_GPEN KFY_FON 1WPUT
az IRt 12, MPT2

134 INPUT 92,1802

PRINI"Nusber 0f points 1 ")NRPTIPRINIFrequency increesent i

enter nase of output wavefore file °* KFE

aS 01

INCSINCLINRPTMRPT | DELTAF = [NC

“tPRINTSPRINT *Navefore Maee 1 *jLF$

.

tesestenalUN(]) VALIES ARE REAGFusteteesny

AS 02

136 INCRINCINRPTSMRPT2: DELTAF o (NG . '

338 PRINT*WUMERATOR ¢

340 FOR 1321 TO NRPY
130 InPUT 02,7

380 WURCIT) Y

570 PLOTLITHeNUMIIL)
318G M1

196 LLOSE

190 WFEsXFEIRETURN, N0e ]

SIPRINTIPRINT *Myvefors Mane 1 ' KFS

shanssrenarerevesererens o DEN(]) VALUES ARE igwuonnnunuuuunu

“LINC" Mt

QT

N

3319 PRINT'mysbef of points @ ‘|Whﬂﬁlll'rrnwy increeenat 1 '|lx°|" LI

Y

C NN FOR

399
400
401
410 [FLINC1)=[MC2H THEN 6010 430

€20 PRINTERROR ', INCICINC2*
430 EW0 )

€30 fFe(aC) 21 THEN BOT0 380
450 PLUS=THC2/INCL

470 INTERLI<DENTDY

480 {11

490 FOR 1322 10 234

300, I§» 1 412- 110N US

SE0 IF (18¢J1¢1) THEN SOTO 330

$20 J1ed00

130 RTERCIT)IDENQITOL)~(OENCITot)-DENLITII O IL1-1S)
o '

©3% 3010 3%0

S FIR 111 10 234

374 INTERUIT aDERLIYY

480 #EIT {1 .

$90 MAPT22341 WF $=LFHsRETURN, MO Y3 [MCa I1NC2
392 FIR I1ay T0 2H

04 20T e INTERLIT)

% ®IT 11

200 8010 2000

1Al

sedenensarconenesnseteo [RTER(L) VALUES ARE CALCULATEGeoesovsesscessacinny

p—

700 eveecensrcornersntesanssoRESIT) VALUES ARE CACCULATEDs®ecsncessertsnrsss

01

750 FOR [1e1 TC 734

720 RES(IT1ammMIT/ INTER(IT)

730 MLOTUTICRES 11T}

T XEIT 11

730 {NCoINC2:NRPTZS4

ROE U TN

770 RETURN. MO 41 MRPTa234

"8 6010 2000 .
1330 a
1040

10%

198"

200
2010
2020 -
2030

2080 . #0eene ] e ¢

b MOTT St PROGRA

- ® o @

14000008000 0000 800000

2686

2000 a
070
2000
2090 - .
2100 KEYOGFFupLOBe0 : *

2110 SCREEN 23 CLSIFULLoMRPTeINC

2120 NPT2oA301MPYTe {401 THTe3) BNTSeLAT 201 N0 70
2130 IF CHECK=0 THEW SOBUB 4276 - )

2139 1F MOJeS THEN 010 2000 .o
T 2040 YMAL<L, TEO 2 TRINGY, TEV 2O .

0 . :

2040 IF MLOTUITICYRIN THEN YHINPLOT (1D}
2170 1F PLOTUIZLIYAAL THEN YRAL«PLOT( (T}
200 W17 1

290 FOR [e1 10 12

+ 2200°IF MLOTURISTMT THEN KAL. 1x11

210 X311
2215 1F RETURY. 303 THEN GOTO 3000
nw - o S

Xa%e  arres AAAIME T 4B

3

This prograp ts used to plot an erray O

1L L1018, Reecracoredereacses



S

PREEN

240 -

1260 DELTA®| 13820

2270 FOR fepal.l 10 32

1280 TEBIDELTA=ARS (PLOT(L) -YMAL/ 1, 814213}
22% IF MLOT{LICYRAT/1. 414213 THER 8QT0 2330
2300 (F TEBTDELTAY=DELTA THEN B0TO 2330

2310 FIMM. INDETe]

2320 DELTA=TESTORLTA *

2330 %I ¢

2360 THOKI=F W, ll“l'('l.ﬂl(m INOEI)-TRAL/ 1, 43421307 (PLOT (FWMA, INDED) PLOTIS e .

ML 1BELet))

2300 FibA= (TUOET-1) SDELTAF
2400 CLEtPRINT RANGE«*)FILL) "
2410 PRINT®F,3¢De* s FUHR) *H2 *
2420 PRINT **1PRINT"The range (s °jFLRL/FIN;®

[

2430 ASSINKETISIF AS=** THEN $0TD 2030

2040 IF (RS T I10R4ASe"y") ORIATS N} OR(AS"R ") THEN $QTO 2040
2450 PRINT can you bape 'Y' or "N PLEASE 216070 2430

2060 {FIASS*N*10R(AS™"n*) THEN BOTO 2400

2470 8010 3000

2000 PRINT *2iPRING“WRPTe* [ RRPT|* points.®
290 [WPUT*¥hat new value of XRPT do you sant
2500 BLOB=3:60T0 2110~

3000 YRANGE=YMAL-YAIN

1010 YRULTSYRAMGE/7

3020 YIERD=YMAL- (YRANGE/2} :
3030 9= (LOG(YRANGE? 1/ (LOG(102) ‘ .

3040 TFACe10~(INT D)) .

3050 YNINP L INT(YNINZTEAC)) o TFAC

3040 TMAIP= CINTCYRAT/TFACI+1) 0 TFAC

5070 IRAMGE = 1KCo (NRPT-1) .

“mPT -

- J00Q Ve(LOGCIRANGE) )/ (LOSCION .

30% ITFAC=10*(INTARY) )
3100 IMIP= (INTCIRANGE/ITFAC) #11 01TFAC "
3110 “LPRINT “IRANGE«*)IRANGE;® YAINPe®;YRINP;® YRATPs*|TMAIP
3120 "LPRINT *ITFACe* jIIFACE® IRAIPa®;IRALP .
3130 150 DPYL-INI-TRL)/ CYMAIP-YRINP) 6(-1)
3140 CLPRINT"YSCaY VSC;* vn- L 42 TR L1 {d
150 LARINT pyey 808
4 YOFFLoNPYL- AT~ (YHIPYSC) .
0 I0FFIsLAT ¢
1SCo UPTLANT-Ant) /1MaLP

IMIPe* | IMAIP

© 3190 XEY OFF1CLIIORAN *Rg*

3200 YPLTRAIPAYSC+ YOFFTHPZsTAIPAYSCHTOFFT
3210 FOR X0 10 (IMAIPs(.01ISTEP ITFAC

1720 IBIAISCHIFFL ’
3230 LINE {IP,YP11=C1P,VP) ' '
3200 IPRINT=AINT(To1, 0001/ XTFAC) ) oITFAC -
7o'y r&mmumm 4040

momum e - -
4200

3200 1T

% m-wmmz-mxmswm

“3300 FOR TsYRINP 1O (YRAIP+ (. OLOYRANGE) ISTEP LA .
330 YTSYRCeTOFFT

3120 LINE (Rl -2, -
momm-qnmo.oommnmcmmc

1R - iR paraT )

3350 PaegTRe(YPRINT) (OO0 4080 . ’

*m/n-mmumsmun-z-mlm ﬂ) -
1370 s0s8 noo

Ciaos the F 360 1 14 4t OK (/)"

‘1090

166

1410 P uIT- 100 [NCOISC o [OFFY

3420 YPePLOT(I) oTSCOYOFFT

1630 LINE -11P TP

1440 ®EIT J1

T430 {F RETURR.MG=| THEW ASe*{dencesnator!”®
T40 TF RETURM.MQe2 THEN A$s®{nuserstor)®
470 1F RETURM.ND=3 THEW ASe®(Interpolated)*
4TS [F RETURN.NO»4 THEN A" *

3490 LOCATE 2,12:PRIRT ¥avetore Nase o
3480 IF RETURN.RO=S THER 60TO 4000
482 LOCATE 5, 430PRINTIF. 3d0=*(Fomin;* W2

3490 DELTAY= ((YMAI/1. 4162131 07SC-THINP#YSCIY20

3300 110 ([NDEL- 1) ¢ INCOISCoIOFFL

3310 FOR 1201 10 20 )

5520 TIsC(YAAI/1, 4142030 8Y50) +YOFFL- (126 DELTAT)

830 PSETaIL,TI

3540 WEIT Y

1000 ASsIRKEYS:[f Al-“ THEN 5010 4000

4003 IF- (ASC) N*JANDIASC)*n®) THER 6010 4010

4007 MOD=3:160T0 2110 *
4010 CLSISCREEN 0

4020 {F RETURN.®O=1 THEN §0TO 300

4030 [F RETURN.NQs2 THEM 60TO 400

1540 IF RETURN.#0+3 THEN §0TO 700

4050 8070° 10000

4250
(I3}
4080 -
AALDI6Te10"

WHILE CILEFTSOPR, 1108 & -

[L=LEn(Ps) .

PReRIGHTSIPS (11-1))

¥END . . . .

TLsLEN(PS) ' & .

IF (I2(sMAL.DIGYI THEN GOTO 4160 * R

* NFSoAs

nonuunnuslll‘ SMgllli SUBROUTINE#oeessesserertnsstensrnny

. .

Hoo
10
"W
Wi
Heo
30

4160 IF (ALEFTBaPS,1))n"-")THEN L2RAL. 016 ELSE LI=MAL.DISY-} *

170 1F CCNIDSIPY, (12-31,1) 10 €} THEW PSSLEFTHIPS, (L1-4)) oRIEHTS (PR IELSE FS-LE
F184P8 L1 \

41RO AEN : - . »

4190 RETURM

200 L

200 eaeerentassn st NURBER PLOTTING SUBROUTINEw o0 s )

Qo
4230 FOR Ilet TO ILEII")) L.

4240 DRAM CHS(CH, LNDETT(ASC(NLOSIPS,12,1)0-43))
230 MIT 12

. 4260 RETURN

S L , .

an -
oL ‘
4300 DATA 0,13,2,11,3,12,3,0,8,1,7,2,8,3,9,4,10,5,11,4,12,7,13,8,14,9, 24,10
4310 DATA CLBRRZFIMGLINUSBRA, CIBFRUDALRZBRIDUG , CLDDERZF DG ARABR2IUN

6320 OATA mmzrmmnwmws CIRI“MDMMZ CIRALADIRIFDBLINES

4330 AT CIHMINFIMISM JCIRADERSIDES, C1BRR2FDBL2HUNDIDFRZEVDR2IVA

ARERREE000000 04 DATA FOR MUMDER PLOTTING SUBROUTINES o0 es0aasaneneses

. 4300 DATA CHORRZFOAGLINUIAZL 2NBRAN Cllﬂ‘ﬂ!lllﬂllll!lu.Cllblﬂlnlﬂ

€330 DATA CLIRGBR2AZCOLCIBRYIVG, CLIN2DD4UL 2 IRZIVS
4300 FOR 12970 10 13 9 READ J2,KT ¢ CH.INDEITHIT) « K2 & MENT I
4370 FOR 1700 10-130READ CHSCITHIMEST 1T

.

. 4380 CHECXR10
1190 METURN - .
" 4400 DATA HS3,ANCD,kN0S, LHSD, mcl : T L
W10 Ase'D® ; . ?
@20 PRINY AS S ~

10000 MUT “B0 1Oy it Amor : s
,‘n r‘ ‘..-y- W g0, ')Q"G

70908 PLCTTER * , AF .

11508 )

nu\uv v RN Wy e ey ~ WATLULE v uwnﬂlnu \\D"\I\nﬂl v“n‘, -~
10030 AS=EMKEYSS IF ABe"* THEN OTC 10039

10040 1F (ABS*a*) 00 (AS"N)THEN §OTO xoow L n

16030 0070 (00 . y ) - . S Tow e,
10060 m e . . v
lom (1} mmux: nunn oo rmmm E



