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ABSTRACT 

J 
The feasibility of a new concept in high speed digital recording IS inves-

tigated in this thesis as an alternative solution for ultra fast transient record-. -
ing. The resulting cost and performance improvements could present a fun 

damentally new direction in high speed data recording principles, and a 

much needed tool for rapldly advancing nuclear research 

The investigation is dlrected into four parts The tirsl step analyzes the 

operatmg performance of the system ln harsh environments. This is fol 

lowed 2Y a study of the limitations of conventional ~/D' conversion tech­

niques and the reason for a completely ne~ approach. The third part inlro­

duces the ncw pnnciple of indirect digiùzing methods and finally the lasl part 

explains the delails of the new recording instrument based on such princi­

pics 
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RESUME 
1: 
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Cette thêse prêsent~\ une enqu!te sur la rêalisation d'un nouveau con-

cept d g enrêgistrement numérique a haute vitesse comme solution alternauve 

aux problêmes de convetsion anaJogique/numênque d'Impulsions ultrara­

pldes. Les améliorations de coût et de rendement qui en rêsultent pourraient 

pr!senter une direction compl~tement nouvelle au niveau des principes 

d'enrêgisrrement de translentes de hautes fréquences De plus" ceci four­

nirait un instrument tr~s recherchê pour les nouvelles avances de la 

recherche nucléaire. 

L'enquête est dirigêe en quatre parties. La première partie analyse le 
, 

rendement du systême dans des environnements rudes. Le tout est suivi 
• • 

d'une' êtude des limitations des techniques de conversion 

analogique/numêrique conventionnelles, et les -raisons pour le besoin d'une 

nouvelle approche. En troisic!me lieu le nouveau principe d'enrégistrement 

est introduit, et finalement la derniêre partie explique' les détails de 

l'instrument basé sur ces principes. 
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INTRODUCTION 

The feasibility of a new concept in high speed transient rec~ding is 

mvestigated ln this thesis The new instrument records pa& signais dm~clly 
in oplicaJ form 10 permit very hlgh recording speeds and full explolkllton of 

the advantages 10 optical signal transmiSSIon The rcsulting pcrtormancl' 

improvements could present a fundamentally nl'\\ dUèction H' hlgh speed 

data recording principles 

High Energy Experiments 

Vèry fast transienl recorders ftnd applications in situations whcre very 
~ 

short IIfe urnes or very short periods of interesl are involved Su ch shon IIfe 

time phenomena can happen in nature but are generally found in hlghly 

sophisticaled experiments su ch as in nuclear physics research 

Pulsed power IS one such field whlch is ever incrcasing Ils scope of 

research and the recordmg equipmenl requaremenLS art: hecoming signifi-
''> 

canlly more difficult to meet New energy and power Icvcls of thc experi­

ments have reached me point where conventionaJ data rccording methods can 

no longer satisfactorily handle the speed of incomin g dala and the growing 

deterioration of the environ men lai conditions Consequenlly mere is a nl'ed 

for new equipment which can resolve two problems concurrentJy; high speed 

data recording and a high nbise Immunity capabiluy. Both specIfications bcar 

the ,sarne importance in me success of the new system. Therefore the same 

design efforts should be attributed to the data communication link as to the 

. 
"-

.. 

J 



( 

( 

IntroductIOn 2 

• 
recording instrument Itself 

Most environmental conditions Will affect the system performance 
1 

lhrough the deteriorauon of signal transmission ThiS, togethtr wlth the hlgh 

bandwidth requlrement ~f the transmission line have .llways been scnous 

obstacles ln the achievement of hlgh performance Icvels Any form of nOIse 

immunuy IS generally gained by a proporuonal loss of hJndwldlh due 10 the 

tntToducuon of complex clrcultry Innovations ln opucal signai transmiSSion, 

however, allow the deSign of hlgh bandwldth channels. with a ver) hlgh kvel 

tPf noise immunlty as an Inherenl characterlSlIC Opucal signais are tndeed 

the ideal solution, but opùcal transmission is faced wllh a major spced limita 

lion which arises from the need to conven electncal sensor signaIs InIO ana: 

log optlCaJ signais Any electronlc clrcultry responslhle for such medium 

conversIOn will directly affect ove rail performance levels Hence, conversIon 

circuit complexity should be kepl to a minimum or Ideally he completely 

eltminated The new data recorder presemed in thlS thesls IS capable of 

recording optical signals dtrectly ThiS ellmmales ont: Icvel of medium 

conversion. ie. there is no need 10 convert from optical back 10 eleclrtcal, but 

still requires eleclflcaJ 10 optical conversIOn of the high frequency translent 

signais. Electrical 10 optical conversIOn can be achieved using laser diode 

lechnology but response urnes are still far less than the bandwidth potential 

of the data recorder. 

Digital Recording of Data Signais 

The usefulness of a data acquisition system relies as much on the 

amount of data il can extract from an experiment as on the resources avail­

able lO process the data. Large arnounts of data can only be properly inter­

preted by computer analysis. Hence any system aimed al providing high per­

formance data recording should produce the results in digital form. 

".' . 
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IntroductLon 

There are various methods to achle've analog 10 digital (A/Dl con\tcr 

sion, each technIque ha ... ing a specifie ad'vantage under vanous Clr­

cumstances. Sorne methods offer h igh resoluuon "vith good hneaflly whJll' 

others are aimed at hlgh speed conversIOn Smcc hlgh spced data acquIslllon, 

and dlgltizatlon, IS the basls of short lranSlenl recordlng, Il 15 Important to 

understand the limitauons of A/D conversIOn Convl'nllonal signai dlglllza­

tion 15 based on dIrect A/D comerSlOn, mcommg data signais are samplcd 

and converted ln real Ume This lmpltcs that the s.lmpltng . .md con"crslon 

speeds of these Circuits dlrecùy IImlt the channel han~v.ldth It 15 thl.'rcforc 

necessary to find the limitations of such CirCUits to l'SlImatl' the h.md"",dth 

potenuals of future conventlonal dlglul tranSlcn! recorders 

Direct A/D conversion IS a complex process, alv.ays Itmlled h) .1 spced 

barrier sel by transIstor sv.-itchmg tlmes The recogml1on of the sou rces ot 

such limItations and the btlhef that order of magn Ilude împrovemenls arc 
v 

improbable, has lead to the development of mdlrect dIgital recordmg 

methods IndIrect A/D convgrsion IS based on the pnnclplc of temporanly 

storing the input data signais at very hlgh raies and rctflc\mg thcm later al a 

rate which would SUI! a fast, hlgh resolution cOn'<enllonal A/D converter cIr­

cuit. The innovation of mdlrect digluzation s)stems lies mostJy ln 'the: con 

ception of a temporary storage medIum Wlth a fast wntJng capahJlity 

The new data recorder descnhed m thlS thesls IS hased on such md,rect 

conversion methods The system Involves a slreak camera whlch IS an 

instrument used 10 obtain ùme resolved p,ctures of X -ray formallons Such a 

system can be modifled to produce tlme resolved plcwres ot a large number 

of opticaJ input signais simultaneously The camera records the inlensll) 

variations of the mput SIgnaIs on a fluorescent screen ThIS screen acts as 

the temporary 5torage medIum, 5aving the ImJge until Il 15 dlgitized usmg a 

TV camera and a convenuonaJ dlgiuzmg clrcuil The high bandWidth 
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Introduction 4 

polèntiaJ of such a system IS based on the fast recordmg ahJllty of the fluores 

cent screert Furthermorc, the resoluuon of the output IS directly relalcd 10 

me TV camera which is independent of the baSIC recording process, a 

phenomenon which is Impossible 10 oblatn usmg direct diglùzauon methods 

The performance Improvements and economic feaslhJlity of thls design 

are treated in this lhesis 10 determmc the posslblllly of t~is Instrument 

becoming the standard translenl recorder of fUlure hlgh speed dara acqursr­

ùon syslems 

( 
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CHAPTER 1 

SHORT Dl1RATION EXPERI:\1ENT ENVIROI'iMEl'iTS 

1. 

Short durallon expcriments are charactenzed by large energy han ks, 

hlgh power dlscharges and large EM nOIse levels. The resulung environ 

menr.al conditions and the prec'Ise control requirements play .in Important 

role in lhe design speclficauons of a hlgh speed dal.l recordmg system 

Hencc. lhe direct effects of the workmg environment should he c1arified 

pnor to further invesugauon of a new recordmg system 

1.1. Introduction .. 
The lime scale 01 shon duratlon expenments, as consldered in this 

lhesis. Iyplcally ranges Irom microseconds 10 suh nanoseconds A large part 

of séienlific development taday IS aimed dlrectly al thc production of very 

short expenmcnts Expcriments whlCh only last a fe\&. nanoseconds are int· 

rinsicall} high po~er evcnts which can become extremcly complex pro­

cedures when it IS anempted to reproduce them under controlled condiuons 

Nuclear physics is a major area where such experiments are currentJy con-

ceived. 

One of the major branches of nuclear physlcs involved with short dura· 

tion experiments is puISèO,.po\\oCr research. Most of the work descrihed in 

this thesis will he directly applicable to this field. 

4 
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The principk of pulsed po"'er IS the concentration of energy within a 

very small amounl of lime and space. ConsequentJy pulsed power experi­

mcnts in volve the production of hlgh power levels The demand for 

increased power kvels for research areas such as nuclear fusion has lead 10 

a gcncral tendency to build larger experimental fa~liues, whlch would allow 

more ent:rgy storage and faster discharge Urnes , 

The production of such high power levels create extremely adverse 

noise conditions for any electronlC equipmenl responsible for experimental 
.' 

conlrator data acquisition. These noise levels cannot be avoided but have to 

be trcalcd to mtnlmize the chances of damage to experimental equipment or 

data signais 

The short duratlon of such experiments also creales many ummg and 

sWIlChlOg problt!ms as weil as necessitating the use of expenslve high speed 

data recordcrs. Switching speeds are directly responsible for me production 

of the hlgh power pulse. An equivaJent amount of energy dlscharged in a 

shorter ume period would result in the production of higher power levels. 

The short lime span of an experiment makes the equipmcnl triggenng and 

synchronization much more difficult, as weil as necessitating hlgh bandwidth 

communication channels. Any transmission delays and delay variations can 

result in the I~ss of important data, or the damage of expensive eqùiprnent. 

BOlh probJems are highly inter-related but have to he solved indepen-
1 

dently. However, they both create a working environ ment which has to be 

taken into accou,nl du ring the design of new control equipment or diagnostic 

instrumentation. 



o 

o 

..... 

J. E~perlfTlI!nt Environments 7 

1.2. Elimination of Noi~ 

Pulsed power ex~riments are aimed at producing short, high power 

discharges. Smce il is eleclrical energy which is slored and released under 

high po\\er condiuons, an inevitable side effect is an enormous noise level -

10 the form of an eleclromagnetic pulse This cannot be avoided as it is 

based on the fundamental principle that a varying current through a conduc­

lor will create a magnellc field and Will emit EM radiations Consequently, 

this factor has to be dealt with, especially sin ce the IOtenslty of the EM radia· 

tions IS directly proportion al to the power of the source signal 

The mOSl dangerous effecl of the EM power impulse IS nDl the high 

magnelic field but its rate of change. Equation 1 shows that the induced elec­

tric potential is directJy proporuonal 10 the rate of change of the magnetic 

flux. Very rapld changes in flux, as would occur an a pulsed power 

discharge, could IOduce large voltage potentials 10 a small loop of wire. 

Therefore any integrated circuit exposed to such conditions would burn up 

~ue to large potential differences induced aeross small Junctions in the cir­

cuit. Hence it is necessary 10 proteel any eleetronic equipmcnt from su ch 

radiations. 

Equation 1. 
. , .~ 

t! = N dJ>/dt 

where e : Indueed potential 

N : Number of turns in the loop 

<1> : \1agnetic flux 

Il is impossible to avoid such EM radiations so il is necessary ta find a 

protection measure to deal with it This is why any experimental facility will 

require a shielded room, usually referred ta as a Faraday cageI22.IJI, ta con­

lain ail diagnostic equipment. The shielding lhickness of che Faraday cage 

2 
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will depend on its distance from me source and "the power of the radiation. 

This memod is the mOSI effective way to protect the equipment. However 

there remains the problem of EM interference (EMI) with the diagnostic sig 

nais, and plck up in ground loops. The effects of the EM l 'On diagnostics sig" . 
nais will be treated in detail in chapter 2. 

Ground loop problems originale from the facl that currents are induced 

through field variations inside a loop of wire. 5uch loops can he formed by 

interconnecting cables or by corn mon ground connections between equip­

ment. The resulting loops can he very large and not always obvious. In the 

_ case of pLls~d power experiments, the power levels can induce considerable 

ground loop currents which can cause severe equipment damage and data 

loss. 

Equation presents the potential problem of ground loops with respect 

to increased power levels. t large amounts of energy discharged within a 

smalt time period would produce a very large d<1>/dt. Consequent/y, higher 

power levets would induce larger potentials in the system ground lines. 

Fighting ground loops can become very complex when having to consider an 

entire pulsed power experimentaJ set up as shown in figure 1.2.'1(11,. 

The most efficient way 10 fight such loops is to se~ate me experiment 

into modules and isoJate them from each other. The basic techniques avail­

able are eimer isolation transformers or optical fibers, the laner being the 

best soll!tion. 
,,' 

Within each ~odule ground loops can he avoided by using a STAR type 

inter-connection layout between equipment grounds(l4,. This method consists 

of defining a central ground point from which all equiprnent grounds branch 

out radially, thus eliminating loop connections. For many instruments il is 

best 10 use small ST AR based models which are themselves connected in a 

bigger STAR model as shown in figure 1.2.2 . ... 
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1. Etperiment En.viron.""!1lts 

Figure 1.2.1 Ground plane layout and module isolation 
scheme 

Q 

Developments in liber opûcs in the lasl years have made il a feasible 

opûon for ground loop pro!ecûon, and the ehminaLion of EM interfer\!nct! in 

diagnostic signal transmission. Very expensive and complex shielding pro­

cedures can now be avoided through the performance improvement of corn· 

mercial fiber Optlcs. However, wire cab les will a/~ays he used to sorne 

degree, 50 ground loop prohlems are nOl completely alleviated 

1.3. Short Duration Effects, 

Short duration experiments, such as in pulsed power, involve large 

amounts of energy which have to be released as fast as possible ,under full 

control. It is not only a task of high power switching bUI also one of precise. 
1 

.. '!.<J 

.r' 



s 

.C 

( 

~$ 

1. Experif11Lnt EnviroflmLnts 10 

Figure 1.2.2 l STAR model ground line layout 

timing so thal everything switches in the righl panern at the right ùme. Any 

switching delays or variaùons during the energy release can produce dif-
9 • 

ferent results 'Such switching uncertaÎnùes as weil as sWllch deterioraùon 
~ 

make il difficult 10 produce repeatable resullS. 

Ali these problems are accenrualed as the po\\er levels irrcrease. As the 

energy level is increased, the physical properties of the Swilching mechan­

isms are compromised. SwilCh deterioraùon through use is a significant fac­

tor limiting experimental repeatability. If the discharge time is reduced, then ' 

ail synchronization delays have to he re-assessed and corrected 10 be within 

allowable limits. The electricaJ properties of the switches, su ch as the induc­

tance, also become very important. The use of switches for experiment 

triggering can further compromise both the timing and repeatability. Ali 

these factors acting logether create a distinct limita. on the maximum 

power levels attainable by a reactor. Consequently, high power switching 

remains the basis of extensiveùresearch. 

/ 
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ZT-40 FlClun 

. œ--­-­(1)-.,. r. -­Q) .. _ .... -

œ-... -œ---œ .. --œ-... -œ--.. ·­œ-­.--
Figure 1. 2 3~ Los Alamos National Laboratory, ZT-40 Pulsed 

• Power facility. 

1 f 

The po\\'er switching problem is not the only triggering difficuhy. Any 

diagnostic recording instrument connected to the experiment has to be trig-, 

gered and syndironized as weil. Ali electronic recording equiprncnt needs to 

he both synchronized together and 10 the power trigger. Conseq~enLly, 

multi-parameter experiments are more_ difficult to carry out because they 

require more equipment synchronization. This is significantJy compliq.ted by 

,.the fact that signal cable lengths can he long and can produce time delays 

which are significant in magnitude when compared to the overall expt!riment 

duration. Figure 1.2.3 shows the ZT-40 pulsed power facility al LANL and 

the distances involved between control room, ehergy bank and" rcaclorfl4
,. 

When propagation delays befome comparable 10 experimental lime" 

duralions, il becomes very important 10 synchronize the. triggering of the 

recording equiprnenl with the incomin'g data signais. Since the experiment is 

O~hort, ail the data will appear within a small lime window. Similarly, to 

obtain a good resolution of the recorded signais, the recording Ume should 

• 

• 
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be the same as the experiment du ration . This is because high speed record­

ing is usually Iimited by a fixed number of samples. Consequently, if the 

recording period matches the experimentaJ time, then there is an optimal 

time separation between samples. Increasing the recording period increases 

the tirre period between samples and decreases the resolution of the recorded 

signal. ~/~'" 

The triggering mechanism is then responsible for the precise overlay of 

the two events to record the entire diagnostic..etgnal. Any delays in the data 

signais or in the recording trigger can offset the overlay of the two event win­

dows. This problem becomes increasingly critical as experiment tirnes 

dectease" or recordin g windows get shorter. When large resolutions are . 
desired, ie, the sampling window is srnaller than the experiment duration, 

any trigger jiner can be a problem since any uncertainty in the real trigger 

ûme can make a significant difference to the recorded data, Figure 1.2.4 

shows a graphieal representaûon of a 20 panosecond trigger delay, Cenainly 

if the sampling window was made to be 10 nanoseconds instead of 100, a 

trigger delay of 20 nanoseconds. would rnake a big di ffe ren ce , 

Any unresolved trigger jiner or delay problems can be accoun'ted for by 

increasing the recording time window; although this would reduce the reso­

lution of the results. These trigger jitters and delays play an important role in 

the reproducibility of the experimental data since the signal measurements 

are the only reference by which the results can be judged. 

1.4. Bandwidth Require'ments 

A major ~oblein of data acquisition for short duration experiments is 

the very high bandwidth requirement of the recording equipment. It is a 
, 

severe handicap for any such experiments since the costs of proper 

... 
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Figure 1.2.4 Trigger delay effects on high resolution 
signal recording. (a) Proper p-igger t 
(b) delayed trigger. 
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equipment are prohibitive. The second' problem is the high bandwidlh 

requirement of the transmission Ime .which connects the detectors to the data 

recorder. The problem lhere is lWO fold since the transmission line should 

be very fast and highly immune 10 nOIse. This part is a crucial element' of 

high speed data recordir:tg since il directJ~ con troIs. the data that will be . 
recorded. The following chapter will present the requirements of a transmis 

sion link ta operate with a new high speed multi-channel data recorder. 

• 

..... , 
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CHAPTER 2 

ANALOG DATA SIGNAL TRA~SMISSION 

o 
2. 

The need for high speed transienl signal transmission is as crucial 10 

high speed data acquisition as me recordmg instruments themselvcs 

Developments ln optical commun icaùon offer hlgh performance signal 

transmission together with e'xéellcnt nplse immunlly. Present performance 

levels are the limiting faclor ln the new hj.gh speed data recording system and 

mis chapter examines the source of mese limll8uons. 

" 

2.1. High Speed Analog Transmission 

A data acquisition system's prime function is to record experimental sig­

nals. Th\S requires the use of sensors, to detect a phenomenon, a recording 

device, such as a digital computer, and 'a communication link to allow a 
'-

pathway for the diagnostic signaIs to the computer. The quality of the results 
v 

obtained from 50th a system depend .on good recording instruments, and also 

on a good signal transmission facilily. The recording instruments can only 

store signals with the quality with which they are received. 

The duee universal characteristics sought in any communication Iink, 

anatog or digital, electrical, microwave or optical, are me following: 

( 1 
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1 Low transmission losses 
2 High channel band\\.ldth 
3 Good noise immunity 

15 

Il has been a standard pracuce in the design of communication Imks for 

data acquisition systems, mvohed with hlgh energy experiments, to mclud~ a 

protection mechanism to prevl'nt high power signaIs from rcachlOg the com­

puter system This generally involved an optlcal coupllOg sccuon, where thc 

information was passcd over 10 optlcal form to a detector wh Ich continued to 

transmit the dectrical signai to the recording instruments A general layoul 

of such a deSign IS shown ln figure 2 1 1 The design Invohed a IIght l'mit­

tlng diode as transmlttcr and a photo-transistor as dl'tcctor The separJung 

distances' were short but sufficlent to Isolate the computer slde 01 the IInk 

from the evenlUal high power Signai which could be mdun:d on the other 

haJf of the channel. 

-

OP'IO-COV,LI. 

LI,U 
•• Ul •• 
DJ ••• 

.. 

>----+ 

.. 
Figure 2 1.1 Early op(jcaJ coupling in communicauon links 

• 

Today, with the advent of opUcal fibers, transmission tcchnology allows 

for entire communication links to operale with oplical 'slgnals The sourct: 

and destination signais have to be electricaJ and henç,c such designs are 

" . 
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simply eXlended versions of the r,revlous princlple Nevertheless, a greal 

deal of performance improvemenl can be ach ieved and although il is not the 

ultimale ln signai transmissIOn, Il IS a greal slep forward 

As mentioned earher, pulsed power expcnmenlS exhlbil a very adverse 

environmcnl for the transmisSion of low amplitude electrical signaIs Conse­

quently, opucal signal transmission IS a perfecl solution 10 an extremely com­

plex problem of data signal transmission ln su ch expertmentsflJl 

Optical communication 'lm ks are characlerised by Flrsl, high channel 

bandwidth through devclopments ln opucal fiber lechnology Second, low 

signal transmiSSion losses In opucal fibers, compared to electrical channels 
f 

Third, high levels of noise Irnrnunlty of the opucal signais to any t)pe 'of 

electromagneuc Interference Figure 2 1 2 displays a standard circull for one 

channel data acquIsItIon 

ITuna.tterl 
al.ctro/opt lcal 

Con •• rter 

alectrical 
.19n.l 

(llacai.er) 
Opto/.I.ctrice1 

Coft.arter 

'U 
.1.ctrice1 
819 na1 

Analov/D191tal 
Con.artar 

Figure 2.1 2 Standard clrcuil for oplicaJ communicatton 

". 

Such systems present sorne difficuilles and" IJmitattons. Recording 

instruments usually m"olve oscilloscopes or analog-to- digital converter sys­

tems and require. thal the input signais he elecrricaJ. Sensors. for their part, 

produce electrical signals~ which are weil suited for record~ng purposes but , 

_ ..... 
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not for signal transmission 

The latter situallon forces the opucal communication link lOto senous 

performance limitatIOns Ali sensor Signais have to be converted from elcctr­

ical to optical form Accordmgly, al the receivcr end, ail optical signais have 

to be converted again to lhe elcctfleal form ln order 10 be rccordcd 

Complete optieal commUnicallon links for analog Signais are availahle 

commercially and allo\\' for hlgh operaling handwldths of up to 250 MHz 

The fastesl A/D eonverter system available IS capahle of 200 MHz sampling 

rates and such channel bandwldths are adequate It lS not surprismg thal the 

same manufacturer offers hOlh Oscilloscopes have h igher frcquency 

~' responses (GHz) hut thelr \\Idespread use IS hmlled h) (WO Imporwnt factors 

First, mey are extremd) expcnSIVC, often three to four urnes the priee per 

channel of a digital system Second, the results arc not digital and requin: 

extensive effort to al1o'\- computerized processmg of the data ThiS leaves the 

options of a) using the opucal Imks and lose channel ban dwidth , b) using 

coaxial cahles and worry ahout noise Induction, or CI deslgning a faster link 

The real answer IS to al deSign a faster IInk, and h) to determine the 

bandwidth limitations requires Jn investigation of the pnnclples involved 

This will he discussed later ln the chapter As an overall ohservatlon how­

ever, it is the necesslty of electricaJ clrcultry, to operate such links, which 

contributes most to the frequency re5ponse limltauons 

After sorne thought il becomes eVldent that the elcclrical circuits will 

always present a lower performance level man the optical mechaflisms 

Therefore, the real solution to a new era in high speed data transmiSSion is , 

to completely ellminatc any electrical device. This has parucularly inlerest­

ing aspects for high speed data acquisition. A completely oplicJI data signal 

transmission system would do wonders for ail aspects of expcnmental diag­

nostic capabilities. However, a fundamentaJ piece of cquiprncnl is required 

d 
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before any su ch systems ('.ln he considcrcd. Th is is the de\elopment of a 
-

instrument which can accert opucal inputs and record them from lheir opti-

cal form without any conversIOn 

Such an IOstruml!nt IS the focal point of this theSlS The necessary opti­

cal signaI transmIssion requm:menlS are the subjecl of this chapter The 

instrument Involves band\ .. Idth possibiltties of the order of severa! GHz and 

consequently, any considerations of an optical communication hnk are for 

GHz operaùng frcquenClcs. 

The followlng are the necessary consIderations for a firsl gcneration 

commuOIcauon hnk capable of providmg GHz operation under pulsed power 

environmental cçndilions 

2.2. Signal Transmission l1ndpr Advprse Conditions 

As menuoned in chapter l, an Important pan of the communication 

Iink is noise immunity and power signal protection. This entails proper , , 

ground loop protection and adequate shieldmg of ail sensitive componenlS. 

Optical signa! transmission is an efficient solution to both problems, but only 

when il is operaling properly or IS rcceiving good signais. There can be sig­

nal distortion through 1] malfuncuon of the commu~~cation link, or 2) 

throu~-signal corruption before conversion into optical form. In either case 

it is impossible to delect any distortion in the signais al the computer level. 

Consequently, any source of noise has to be eliminated or minimized. 

ln lhe firsl case, thl' data acquisition system should be provided with a 

facility to test the communication link before an' expenmcnt. This can be 

done through the 'use of a formai sel of testing and calibration signaIs tun-
. 

ning in conjunction with a test program to venfy the operation of each com-

munication channel. Su ch tests are as important for the data channels as 

'c' 

" 



--- -------

o 

1. Signal TransmIssion 19 

they are for the control channels Any fauh in a control signal controlling 

high power devlces ln the energy ~ank can lead to experiment failure or even 

serious material damage 

ln the second case, stnce the sensors are mamly e1ectrical devlces, their 

output signals are electrical and are thus vulnerable to power sign.!1 induction 

and EM noise These sensors are also very close (0 the power discharge, 

where the condItions are worst Hence, ail signal lincs Joining the sens ors to 

the.optical link transmlner have to be extremely weil shidded 

This also means that the transminer cirCUit, which IS the electical/optical 

'converter, has to he close to lhe expenmenJal setup and also requ~res heavy 

shielding Such shleldJn g procedures are compkx and requlre very careful 

design considcratlOns'~~1 as shown in figure 2 2 1 helow 

r--------, 
r-----ï 

1 

1 
GUAIID L _____ -' 

CAli 

Ideal shielding 

These circuits should also have a low po\\er consumption to a1low bal­

tery operation, lhuf eliminating any form of AC line coupling. Moreover, 

the circuit! !hould be provided with a certain level of overload protection 10 

avoid transminer destrucllon by a power signal reaching the input. Ï'hese 
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units are expenslve especially for transminer circuits that operate at 1 GHz 

frequencrës. 

The first part, which consists of the communication link testing pro­

cedures, will aJways remam. However, the shielding problem of the sensor 

signais and electro-optical convcrter circuit could be eliminaled through the 

developrncnt of pholOnic (pJ!oton sensitive) sensors. This would result in 

higher signal rchahility as weil as performance Improvements through elimi­

nation of electron sensl~ive components 

2.3. Optical Communication Link Design 

Analog optical communication links are not common commercial items. 

This is mainly due to the low demand as weil as the complexity level involved 

in the design of such a systcm Digital optical communication links are much 

more widespread and have hecn developed extensively by manufacturers 

because of the greater simplicity of the design ManufaclUrers who do sell 

analog optical links do so to complement one of thcir Instruments. Conse­

quently, the performances of analog links are only as high as required by the 

manufacturer's equlpmcnt No company is interested in developing a high 

speed Iink with performances much higher than their own needs. 

The new high speed transient recorder investigated in this thesis has the 

polential to work at GHz frequencies, but there simply is no commercial 

communication system available Therefore a custom made system has to he 

developed with discrete componenls. This system would be based on a GHz 

eleclO-optical converter, which is the key component and very hard r:6 find. 

The lohg term goal is to depend on oplical sensors which wJUld elim­

inate any necessity of signal conversion before recording. As a more practi­

cal short lerm goal however, it is better 10 work al developing high speed 

.. ' ,. 
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electricalloptical converters; because this would aHow both the frnmediâte use . 
of the recording instrument as weil as the retro fining into any existing data 

acquisition system The transmincr circuits might change a greal deal 

according to the developmenl of the convcrters. Despite ~JI transmiuer 

de":;elopmcnts or even ehmination, the optical fiber will always remain the 

key part of an y new progn:~s. ~ 

A full description of an analog optical communication Iink will discuss 

the problems faced with the development of high speed opticaJ transmission. 

2.3.1. Transmitter design 

A communication link is characterized by three main segments. These 

segments are: 

1. Transmincr 
2. Transmission line 
3. receiver 

For optical communication, the hardest part to imple~enl is the 

transminer which is responsiblc for the electrical-optical conversion. The 

signal is transmined lhrough optical fibers and is demodulated in the receiver , 
by a photodiode and lransim~dance amplifier. E~identJy, ail circuits are 

analog and the d.fficulties in the transminer design are mainly due to the 

high performance rcquiremcnts of the clectro-optical converters. 

The obstacle in the transmittcr design lies in the specification require­

ments of the conversion speed These converters are required LO have a 

Iinear power output over a large dynamic range, ail at very high response 

speeds. The response speed has the highcsl priority and all other charae­

teristics will have 10 be accounled (or thereafler The only componenLS capa­

~Ie of operating al the speeds considered (GH z) are laser diodes. 

'. 
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Laser diodes are specialized LEDs which emit laser light when properly 

biased. They have been the subject of intense research for digital optical 

transmission. This research has a)so brought advances in laser diodes for_ 

, .analog communicalionf4o.':;~I. Hence laser diodes~come in two types; pulsed 

lasers and CW lasers Pulsed laser diodes produce more power and have a 

slightly faster rcsponsc ume They do not need to have any linearity con­

siderations. They are used in digital links 'where the specifications require 

mem 10 transmit a fast pu Ise or nothing at ail. 

On me other hand. CW laser diodes have to produce ~ continuous 

linear power output This reduces Ùle maximum power output allowable for 

heat dissipation considerations The linearity requirement also imposes a 

slightly lower response lime over the pulsed lasers. This makes il harder to 

find a laser diode with a GHz response time. The power levels are important 

for recording purposes and signal 10 noise reasons. However il is the 

response speed that sets me maximum bandwidth. 

The laser diodes need a blasing circuit 10 operale in the linear region. 

This circuitry is crucial and is another prime source of bandwidth limitation. 

It is this electrical circuit which will always be reslX>nsible for frequency lim­

itations even If the laser diode response speed increases. 

The high cost of the laser diodes is a prime reason 10 include overload 

protection in the transmitter circuil. The voltage protection schemes protect 

circuits against voltage transients thal rise above the rated input specifications 

but certainly not against power, transients, ie. voltages of one or two orders of 

magnitude larger than expected. Any su ch occurrence will most certainly 

destroy the entire circuit, and it is a significant problem to consider, espe­

cially for pulsed power experimenlS. A s~ndard method 10 avoid sucit possi­

bilities is to measure a signal from its highest amplitude state and attenuate il 

down la the desired level. This has two distinct advantages in that il will 
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t 

increase the signal/noise ratio, and second it will av.oid penetration of uan-

sients of rnuch higher magnitude, through ail the anenuation. 

Individual instruments can be further protec.:ted against voltage overloads 

through new semiconductor developments. S6me early results show a protec­

tion level up 10 5 KV agaiost input signal variationsI3~1. In its simplest form, 

the protection uses [wo fasl Swilching diodes connecled as shown in figure 

2.3.1 belo\\l. Such a circuit is used in commercial high speed data recorders 

such as the TRANSIAC 100 MHz A/D convertec 
f 

This circuitry"will also introduce a certain arnounl of bandwidth limita· 

tion. These diodes have sorne stray capacitance which makes them act as a 

low pass filter. The magnirude of their capacitance is in the pico farad range, . 
thus allowing resistances of hundreds of ohms whilsl still having a cutoff fre-

• 
quency in the GHz ran~e. Thetefore. it is nOI a limiting factor in the design 

and can he used without reservations. 

f 

+ o-------~~----~------__o . 
• 

IIlPUT • OUTPUT 

" 

Figure 2.3.1 High speed voltagè limiter circuit " 

u 

..... 

Overall, the high response speed requirement of the laser diodes, iheir 

necessary linear power output, the electronic biasing and voltage protection 

circuits and the high.-cosl of each part make the transmitter design difficult . 
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Elimination of this segment would be a greal im~rovemen,1O the enûre sys­

lem response and is in facl the only real way to achieve full exploitation of . 

the n ew optical data recorder 

2.3.2. Optical transmission Unes 
.J 

The single most important factor in the progress of optical "data 

transmi~sion lies in the recent developrnents of optical fibers themselves . . : 
Light emitting diodes as weil as photo diodes have been in existence for a 

good period of time. However. it is only since the commercial availabiliry of 

optical fibers that this new technologicaJ horizon has come about. 

The unequalled bandwidth potential of optical fibers is Iheir highest 

praised characleristic The exceptional noise immunity is also an important 
1 

characteristic whlch is nevertheless considered more as a favorable side 

effect. especially in. digital links ln the anaJog links as dlscussed herein, 

both handwidth and noise immunity constrain the choice of medium with the 

same level of importance 

Most of the development in the optica] transmission area has been 
• 

devOled ta digital signal modulation schemes. However, most of the resulting 

developments have ine\litahly helped in the production of cost effecûve analog 

links. Il is interesting to nOIe that the Los Alamos Scientific Laboralory built 

a fusion reaClor in 1979 and did extensive work for noise and crosstalk isola­

tion of coaxial cables from the reaclor's radiation of electromagnetic interfer-
> 

ence. Such isolation is easily accomplished usin'g optical fibers but as shown 

in the quo"" below from a paper published in 1979(1
)), there has been signifi­

cant progress: 

.. 
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" ... These bring wim them the problem of shield 

penetration Most penelrations can he accomplished 

withoUI. compromise by using fiber optics,... This 

lechnology was nOI economic enough three years aga 10 

be used 10 couple the diagnostics signais An elaborale 

conduit system ~as dcsigned and built for this purposc." 

25 

Il should be kepl in mmd mat such research cenlers are very much al 

the forefronl of new develoPments, which often produce early prolorypes. Il 

then suggests mal the idea of optical transmission as linJe as len years ago 

was not feasible, even at the prototype level. Today, they are commercial 

and have been so for a year or [WO. 

The improvemenl of opl1cal libers has been significant. The main prob­

. )\e~ encountered in opucal fibers is the disptrsion effect of the signal.' Over 

short distances thlS effecl is small bUl over long distances il is the limiting 

factor which dictales how often a signal has to he regenerated. 

The dispersive effect occurs because of group veloclty differences in the 

optical signal throughout the cr~s section of the fiber The effecl can he 

regarded as if the propagation speed was higher at the center of the fiber than 

close la the outside walls. The resulting hyperbolic signal front creates an 

uneven time, of arrivai for the signaI. Figure 2.3.2(a) shawn belo~ shows 
c 

the paths leading 10 two diffcrcnt group velocities in the optical signal Figure 

2.3.2(b) shows the group velocity propcsgation front in the fiber 

The first attempt made la solve the problem was ta vary the refractive 

index throughout the cross secuon of the fiber 50 as to slow down the center 
~ \ 

and speed up the outside diameter. A proper balance would result in a signi-

ficant reduction of the signal dispersion. This is referred .10. as graded index 

fiber. 

.. 
" 



, 

e 
, . 

2. SigfUli Transmission 

11b ... W.ll 

~~ ... .. ... " = .. .. • OIl~C. 

LOD9 
•• th 

Figure 2.3.2(a) Lighl-signal paths in an optical fiber 
showing dispersion effect. 

InpuJL ) c> G~OIlP 
t--- Veloclty ~tP:t 

Figure 2.3.2(hl Group velocity of signal fr.ont in an 
optical fi ber . 
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• 

The laleSI developmcnl consists of Ii,:"iting the signal to tTavel only 

through the very central part of the fiber and is referred 10 as "single mode" 

core liber. The ~!..!bsequenl characteristics are exception al. Il does require 

more elaborate and sensitive circuitry but the improvemehts are weil 

worthwhile. 

ln commercial digital links, the main emphasis is on reducing the 
1 

number of repeater stations on the line: Hence~ the less the fiber dispersion, 

the longer il can travel without regeneration. This results in direct 'reduction ~ 
of support circuitry. In analog links, for short distance signal transportation, 

mOSl fiber standards are generally 50' good that there is little problem of liber 

constraints. 
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2.3.3. Rl'ceivl'r design 

The receiver in the optical analog Iink will be required to transform the 

opUcal signal back to ilS proportional electrical level. The main element in 

the receiver is a photodiode This device will vary ilS conduclivity according 

to the incident light intensity Coupled to a transimpedance amplifier, the 

current variations in the photodiode circuit are converted 10 an output voltage 

signal. 

Photodiodes are widely available for various response speeds and the 

problem was one of making them faster Wlth the possibility of a larger linear 

response to incr~ase the dynamic range of the optical link. 

The receiver is the segment which is to be eliminated by the new optical 

data recorder. Il is not as much responsible for band\\idth limitation as the 

transminer because photodiode response limes are faster than for laser 

diodes The main gncvance IS the extra stage of conversion which will 

undoubtedly introduce more distoruon onto the signal. 

The receiver is a complex circuit. The main reason for this complexity 

is mat the recelver IS responsible for correcung many uncontrollable • 
transminer variations Hence, il ~ill require an elahoratc schemc for 

automatic gain control as weil as automalic compensation for transmitter 

emission degradalion in time This is a side effect due to no strict zero levcl 

as the ground level in an electrical circuit. 

However. the recciver circuit requires less care than the transmitter 

does. First, it does nOI requi're extensive separate shielding since it is residel}! 

in the computer room; il is under complete protection with very littJe chance - , 

of being destroyed by power transienlS. Second, it does not need any voltage 

or current limiters; ifs input is purely optical and it is impossible to receive 

an optical signal of a dangerous level. 

) 
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2.4. Analog Links or the Future 

With the emphasis on experimental signal transportation, everything 

seems to indicate thal there OIS no going back and that optical analog lin ks will 

make their breakthrough in the area of very high speed data acquisition. The 

physical limitations, introduced by active electronics, are the prime reasons 

for requirang the development of entirely new syslems which can handle the 

optical information. This will avoid the many stages of signal transformation 

which inevitably lead to signal distortion and bandwidth reduction 

At the present time, laser diodes can drive analog optical transmission 

lines for frequencies close to 1 GHz Even if su ch performances are only a 

fraction of the new data recorder's potential it remains a considerable gain 

over direct digitizing equipment Analog optical transmission lines of 500 

MHz can certainly be realized, which IS double the bandwidth of direct A/D 

instruments. At such relatively low performance levels the transient recorder 

is still justifiable and any improvemenlS can only make il better. 

An important consideration of any future data recorder is ilS ability to 

produce digital results Hence it IS important to look at the basics of direct 

A/D conversion and determine ilS limitations as the basis for ultra fast data 

acquisition systems. This can then be taken as a reference point to compare 

&he pedormance levels of new indirect recprding techniques. 
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CHAPTER 3 

CONVENTIONAL ANALOG-TO-DIGITAL CONVERSION METHODS 

3. 

This chapter will invesugale the various methods of A/D conversion and 

seek a solution for high speed digitlzaLion Convenuonal direct A/D conver­

sion methods Jre exammed 10 determine their speed limitations and ~hether 

thesc limitatIOns can be overcome with future technological developmL'nts 

Indirect methods such as an.llog memories are also analyzed to determmc 

thelr potential for 10\" cost, hlgh speed A/D conversIOn 
• 

3.1. Digitiz.,ing ThE'or) 

,/ The -function of a data acquisition system IS purely the collection of 

experimental data for later analysis, to help understand the dynamics of a 

specifie experimenl. In the majority of cases, such data IS analyzed hy com­

puter, hence requiring that ail the datt he in digital form More often than 

nOI the experimental data will be in the form of analog electrical signais. To 

transform lhis analog informauon inlo a digital format requires an analog-to­

digital converter . 

This analog-to-digital (A/D 1 converter WIll convert instantarteous sam­

pies of an analog signal iOlO J digital word which will represenl the magni­

tude of the sample relative to lis full swing. An A/D converter cannot pro­

duce a contmuous digital rephca of the electrical input sig~~ ramer the 

-
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output will eonsist of a series of digital values represe,nting me instantane­

ous amplitude of the input sIgnai al regular intervals. Therefore, digital 

recording will only consist of a number of sarnples from me actual signal. 

For this reason sampling theory IS a criùca! part of A/D conve~sion. 

Samphng theory states mat 

"If a signal eontalns no frequency components for If! > 

W. it IS completely defined by instantaneous sample 

values uniformly spaced in ùme with penod Ts = I1fs 

< = 1I2W If these samples are represented as weighted 

impulses, the signal can he exactly reconstructed 

hy passing the Impulse train through an Ideal low-pass 

filter having bandwldth W < B < fs-W." (25) 

This stalemenl postulates thal an y signal can he completely defined. and 

hence stored, as a set of instantaneous samples Analog-to-digital conversion 

can only produce mstantaneous samples with a quantized amplitude, but 

under the proper circumstances, is sufficienl 10 completely describe a- co -

tinuous signal. The key lO digital recording practices under samplt 

are the worcls "proper circumstances". 

The three necessary conditions are: 1] The i 

limiled, as much as possible, within a bandwidth W. 2J This bandwidth is 
~ 

important sinec il dictates the minimum sampling frequency to be 2W. This 

is called me Nyquisl rate. 3] Il is assumed mal me samples are instantaneous 

samples, modeled as weighted impulse functions. This requires the sarnpling 

to be immediate which is not physically possible. Thus me circuit should 

greatly emphasize the minimization of the sampling ùme. 

'in 
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3.1.1. Aliasing 

Such constraints seem reasonahle theoretically but can meet with a 

number of practlcal limitations The first obstacle is the limit on the input 

signal bandwidth When a bandlimited signal is sampled al a rate fc such thal 

fc > 2W, the frequency spcctrum would look as shown ln figure 3. 1 1. If 

the input signal has a less weil defined bandwidth, and is sampled at the 

r&- same rate, mere wyl he a speclral overlap Such overlap produces signal dis· 

tortion in the reconstrucuon phase which is referred ta as aliasing. The effect 

is shown in figure 3 1 2 

ln cases where' the magnitude of this phenomenon is prcdlctahle. proper 

input 'signal fihenng can solve most problems Howe~er, hlgh spced data 

acquisition IS gcnerally concerned wlth translcnlS whlch are short. non­

repeul1ve andlog Signais often contaming high frequency components Conse· 

quently, fiItering technIques become madequa~e ln such clrcumSldnces Slnce 

the mput spectrum of the data sIgnai is unknown . 
• 

Furthermore. the lime limited aspect of translents conflicts direcùy with-­

the band limitauon requlrement sin ce the two are mutually exclusive. So the 

only possible option IS to sam pie at the maximum frequcncy poSSible and 

analyze the <,!ata. tTymg to take aliasing distortion into account since the pres· 

ence of spectral 6vcrlap is certain, only the el'tent of the distortion is nOI 

known. Aliasing is a major source of signal distortion in the area of tran· -
sient recording and the most effecti\e solution is higher sarnpling speeds. 

This IS why transient recorders always involve state-of·the-art technology ta 

obtain the highest possible sampling speed and why there is a constant quest 

for faster equ ipmen t 
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Figure 3.1 1 

Figure 3.1.2 
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Spectral overlap in the frequency domain. 

3.1.2. Aperture uncertainty 
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The, second significanl problem has to do with the sampling f.onction 

approximation. modcled as an impulse function. The impulse function was 

used as a model because sampling theory requires the magnitude of the sig­

nai al an instantaneous moment in time. For an ADC to digitize ait y given 

sarnple, il has to be taken in the. first place. Since the sarnpling circuit is not 

infinitely fast. sorne time will he necessary to sample the signal and hold ilS 

amplitude for dlgitization. The net result of .this small ~me span necessary ta 

\ 

" 
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caprure the signal's amplitude is an uncertainly in me time which 

corresponds to the sample's amplitude Such inaccuracy in time is directly 

translated 10 an tnaccuracy in signal conversion This cffecl is called aperlUre 
" 

uncertainl~ and is one of the mosl important specifications governing the pero 

formance of a trant1enl recorder The graph shown in figure) 1 )111 is a 
[ 

piclorial represenlation of the effecl. Shown on the graph are three windows 

with similar aperture widths but showing the different effects of signais \\,ith 

increasing sie\\< rates. 

VI 

,. .... 

--
Figure 3.1.3 Apenure uncertatnty 

Clearly, there will be more inaccuracy in the signal with the higher 

slew rate. Eventually. a point is reached where the dV is larger than one 
1 

quantization level in the AOC, for a fixed aperture time Al that point. the 

LSB of the di~i:.ai word has lost iLS significance and the effeclÏ'\e resolution 

decreases Any furthcr increases in signal frequency will proluce significanl 

reductions in resolution. Consequently this dictates a maximum frequency al 

which the ADC can operale with full resolution. The only solution 00 such 
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limitations is to reduce the aperture uncertainty. This proves 10 be very diffi-
• 

cult since the constraints are orten physical limitations sel by çircuit designs 

and by noise in the sample-and-hold circuitry, and can al beSI he minimized. 

Once the aperture urnes are minimized, the maximum value for the 

aJJowable sampling rate can be caleu Jaled The converse is aJso true, and 
, ~ 

hence the maximum allowahle apérture uncertainty can be calculated for 

. l' III 
vaflou~~ samp mg rates . Assuming the Nyquist limit <sampling fre-

quencyl2), and that the error introduc~~ be ~ess than 2 LSB 

Given a sinusoidal voltage signal: 

1. v = A sin(21Tft) 

where f = fs/2 (sarnpJing frequency) 

2. ~ V(t) = A 2Trf cos (mft) ~ t 

For the error 10 be Jess or equal lG 112 LSB, it must be less than the full 

scaJe range times one haJf the resolution. ~ 

3. ~ V = aJlowabJe error = 2A (1/2) (lIN) . ...... 
where N = AOC resoJution 

(N = 28 for an 8 bit AOC) 

From equation (2) 

l V - lA 1Tf.lt 

and from (3) 

~v - AIN 

Cornbining the IWO equation Jeads ta the result: 

" 4. ~t - ll2Nrrf or ~t - JI Nrrfs 
• r . 

... 
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If is clear from equation [4] that the allowable time error is inversely 

proportion al to the number of resolved levels (N) and the samp,le rate 

According to these equations, the allowable aperture uncertainties for various 

sampling raies and ADC resolutions can .be ploned on a graph Sorne caleu-
'. 

tations are shown in figure 3.1.4. It displays qulte weil the sampting rate 

limitations of a digitizer for a fixed resolution, for various aperture uncertain­

ties. 

An alternative look at the graph in figure 3.1.4 ~- the effecl of the aper­

ture uncertainty on the possible resolution of the ADC or its dynamic.range. 

3.1.3. Dynamic range 

At a first-' approximation, the dynamic range could be thought 10 be 

directly related 10 .the ADC's conversion speed. Thus a converter with a 

higher conversion speed can digitiz~ more levels between (wo sampling 

periods than a slower device. The minimum sampling period would then he 

dictated by the rime necessary to digitize and store the result Consequently 

the larger the number of bilS to be resolved the longer the conversion time 

and Ûle lower the maximum sampling rate. 

This is true to a certain extent but conversion times can now he made 

very short (using flash converters). Hence the conversion speed is no longer 

the factor Iimiting the maximum sampling rate. The chart below demon­

strates the aperture uncertainty 10 he the commanding constraint conuolling 
1 

the dynamic range. 

A widespread technique used to boost the dynamic range of a high speed 

digitizer is 10 use a non Iinear digitizing function as shown in figure 3.1.5. 

'lhe input voltage swir.g has 10 he designed 50 as 10 cover the occurrence of 

all extremes. This guarantees that the lower half of the input voltage swing 
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will contain most of the input and only a small percentage of the signal will 

have amplitudes which will reach the upper half swing. Consequently, the 

digitizing funcùon is so designed to provide more resolution to the lower half 

swing than to the upper half. This can effecùvely increase the dynamic range 

by one or IWO bits. 

3.1.4. Quantization error 

A third source of distortion which is unique 10 AlD conversion is the 

" quantization error. Sarnpling theory stated that the sample was an impulse 

function with ilS amplitude modulated by the input signal. In the case of A/D 

conversion, the samples can only take on a Iimited number of discrete lev­

els. Consequendy there is a maximum of +/. 1/2 LSB approximation to the 

real signal level. This is the reason for a drive lOWards higher resolution 

digitizers sin ce such an increase would reduce the significance of the LSB 
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and also the magnitude of the quantizàtion error. The effect on the signal 
,. 

reconstruction is the introduction of high frequency noise which generally 

appears as a staircase approximation of the original, input. Su ch noise can he 

filtered out, however, using post processing analysis tools. 

3.1.5. Performance specification and calibration 

Taking into account these various problems, it becomes very complex to 

specify the high frequency performance of an A/D converter whlch will 

properly reflect the equipment's ability to resolve the individual limitations. 

One method currentIy employed is to measure the rate of change of a 

high frequency input signal atlits zero crossings. Such a method shows a 

strong dependence emphasis on the circuit's aperture uncertainty. A more . . 
recentIy developed method compares the measured RMS error of a digitized 

high trequency sine wave with the caJcula~ed RMS noise of an ideal A/D 

converter. The calculated RMS noise is based on ideal signal quantization 

and ~y difference with the measured noise will ~ relative to the amouf;'t of 
., , 
'\'. 

, ' 
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deYiation from ideal qua;uization. This deviation will be repçesen·tà.tive of the .. 
aperture uncertainty. Bath methods arê quite ... rigorous but are not direclly~ 

applicable to transient measurements. 
1 

It is very difficult to specify lJstandard test which would be of any signi-

ficance for the performance specification of transient recorders. i' A typical 

problem is the task of specifying. a ~ standard transient. 5uch a definition 

would be extremely difficult to realize compared 10 thal for a sel single fre­

quency sine wave 

A direct extension of this problem is the difficulty in calibration of a 

transient recorder. Any calibration process requires a standard input. H igh . 
speed recorders can be tested 10 reproduce a sine wave, bu t when the interest 

lies in transients, such operations are more complex and less complete. The 

best solution then remains direct comparison with a calibrated instrument 

su ch as high speed oscilloscopes. However, mis memod is Iimited to the fre­

quency response of the reference equipment. 

At present the problem is still under control since oscilloscopes are 

much faster than digital equipment. Such may not always be the case in the 

future, yielding an entirely new sel of problems 10 overcome. 
, .... " 

3.2. Analoa-to-Digital CGD;version Circuits 

3.2.1. Samplina circuits 

~resent1y, several circuits for performing analog/digitaJ conversion are 

in ~ performing according to its individual advantages. Yet mey 
,./ 

ail have a comlJ)oh requirement for an instantaneous signal sarnple for the 

input waveform. In most cases mis task is accomplished by a sampling 

'J 
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circuit which preceeds the A/D conversion stage. The purpose of this circuit 

is to extract a voltage sam pie from the input waveform and store it, gcnerally 

in a capacitor, fol' the duration of the conversion. 
"\ 

As was shown earlier, the process of sampling the input signal has a 

-significant consequence on the dynamic range of me A/D converter output 

Il is. in fact me single major obstacle for high speed conversion advancc­

ments. In most cases the aperture uncertainry has nothing to do wim the A/D 

conversion mechanism but depends entirely on the front end sample and hold 

circuit'. 

~ 
The defimte importance of such circultry has brought about important 

developments in the area, emphasizing more accu rate and faster sampling 

circuits to reduce the aperture uncertainty to a minimum. The more success· 

fui results have been obtained from what is ca lied a track-and-hold circuit. 

The laner con tains a voltage tracking system, constantly monitoring the vol-

tage of the input waveform, which can be frozen at any moment by a simple 
• " 

dock pulse. Since the circuit constantly tracks the waveform amplitude, thcre 

is no time spent during the sampling process to charge a capacitor to the 

waveform's amplitude, effectively cutting down on-·the ove~all aperture lime. 

\':~imes of the order of 5 picoseconds have been succ~ssfully obtained hy this 

m chanism. These times basically represent switching limes. 

~ 

3.2.2. Flash conversion 

Because of the aperoJre uncertainry introduced by the sampling circuits, 

developments for belter solutions have been directed towards A/D conversion 

mechanisms which would eliminate the use of this front end stage. Such a 

method is called flash converting. Il uses a number of comparators connected 

in parallel, each of which is connected to a different reference voltage. Typi­

cally, such mechanism ~iII-contain one comparator for each quantum level, 

• 

'-
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resulling in large ~ircuits, An n-bit digitizer would normaJly contain 2/un/d 
.... 

comparators . 
.... ...,,----~\ 

To obwn a signaJ ~tiOIl a dock pulse is se.nt out and only those 

comparators ~ith signaJ lev~ls above the preset reference are s~i The digital 

output word is determined by the combination of comparators which were set 

upon the receipt of the lalch pulse, The Iimiling factor for this meth,od is the 

need to simultaneously sample a large number of physicaJly diffcrent com­

paralOr circuits. Il is the switching and settJing times of aH the comparalor 

circuits which will produce the equivaJence of the aperture uncertaimy. A 

rise in resolulion can be achieved by increasing the number of comparalors, 

but would aJso result in a rise in aperture uncertainry. 

Figure 3.2.1 A 4 bit flash A/D converter 

The popularity of this method, however, is not without fou n dation ; flash . , 

converting offers aperture uncertainty limes in the vis-inity of 1 to 3 . 
nanoseconds with ,t<fiscrete circuits. whereas monolithic circuits can reach 

.' 
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times of 30 picoseconds. Even if these resulls still fall short of the 5 

picoseconds available from track-and-hold circuits, flash converting remains 

attractive for its high conversion speed. 

3.2.3. Pipeline method 

ln concept, flash converting is complex and expensive ln an anempl 10 

reduce both cost and complexity, me mechanism has been comhined wllh a 

pipeline method. The result is a dual rank flash converter which daims 10 be 

able to produce 8 bit resolution using 32 comparators The pipeline m.fthod 

improves the throughput rate of the samples by using a coarselfine conver­

sion technique. A signal is initially digitized to a coarse 4 hlt accuracy Afler 

subtracting the 4 bit value, the remainder is diglUzed, in a second stage, mlD 

another 4 bit word. The resulting output after the (\\0 stages IS an eight hlt 

çonversion. The increase ~n throughput is achieved by having the IWO stages 

working concurrently. Hence, the coarse conversion stage can he processing 

me next sample while the initial sample is being process.cd by the tine 

conversion stage 

This pipeline method can he applied to any conve.rsion ml'chanism to 

increase sample throughput. Common ·to all pipeline circuits is the hencfit of 

a correction scpeme based on extra range in the tirst stage of conversion I.n 

order to obtain monotonie conversion characteristics'3J . 

3.2.4. WilkiJ;lSon rundown method 

Other conversion techni'ques include the Wilkinson run-down method. 

This approach stores the sampled voltage in a capacitor which is then 

discharged linearly. A high precision clock measures the time it takes for the 

capacitor 10 discharge to zero. The count of the dock will he a representation 

• 

• 
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of the., sample amplitude. An increase in resolution can be achieved by 

increasing the speed of the clock. 

c .. r ••• , ...... c., •• "., 

.... 

Figure 3.2.2 Dual slope A/D converter 

Present state-of-the art currenl sources and clock stability provide ltllS 

method with a very good differential linearity. This good linearity is however 

al the- expense of speed. Minimum conversion tirnes are 10-100 

microseconds, which is significantly slower thalT flash conversion . 

. 
3.1.5. Su~cessive approximation method 

Today's most conventional and ~idespread conversion method is called 

the' successive approximation technique. This method uses a cornparator to 

match ~e sampled voltage, typically from the output of a track-and-hold cir­

cuit, with a succession of reference voltages. After each voltage comparison, 

die search range is reduced by a factor of two. Consequently, the circuit has 

to make one comparisoh and one voltage re-adjustment for each bit of 
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resolution. Su ch comparison times are typically 100 nanoseconds. which 

would mean a conversion time of 1 microsecond for a 10 hu resolution 
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Figure 3.2.3 Successive approxlIliation A/D convertcr 

The differential linearity of this method is 20-30CC. bei~ IImiled by the 
(?J 

analog settling times and the accuracy of the DIA convertcr refcrencc vol-

tages. Such performance is nqt as good as the Wilkinson method but IS com­

parable to the flash technique. This is understandable when considcring lhal 

the lalter depends on the same reference voltage stability for iLS linearity per­

formance. 

The successive approximation method is faster than the Wilkinson 

method, but not as fast as the flash technique. The main reason of choosmg 

this method over the flash technique is mainly a question o~ economics The 
~ 

circuits are less complex and less expenslve. 

The two diagrams shown in figure 3.2.3 and 3 2 4 show a successive 

approximation circuit and a dual rank flash converter. The diffcrences are 

/ 
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clear and the conclusions as expecJed' high speed conver~ion is availahle 

through flash c~:>nverting making il the most popular conversion technique 

for transient recordiRg despile the cOst Ir is also me basis for a great deal of 

development for data acquisiuon systems w.th a large number of input chan­

nels and high conversion speed requirements_ 

.... ., 
i 
! ; · . · i . 

i · · · u · · · · ;; 

Figure 3.2.4 Dual rimk successive approximation A/D convener 

, 
3.3. Developments in Fast AlD Conversion 

The ever increasing demand' for high speed data recording has caused 

two main approaches ta he investigaled in the search for a satisfactory solu­

tion. The techniques differ completely in their basic philosophy a1lowing for 

individu al "dvantages in similar situations. 

J" The first solution is based on flash conversion as descriOOd ear/ier. Il 

/ presents an attractive alternative as it is the shortesl ~th to the desired 
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Or 

results The input signal in each channel is digiuzed at a fast rate uStng flash 

A/D converters (FADes) and the results are stored in high spced j:lufft:r 
\ 

memory. The state-of-the-art ln commercial systems is 100-200 MHz sam­

pling rates with 6-7 bits resolution and up to 32 Kwords of fast huiler 
If 

memory. The limitations of this method are pnmarlly dlctated hy the physlcal 

cons.traints of the basic electronic elements such as transistor s~ IIching 

limes Even though the performance is commendahlc any fu rther incrcasc an 

sampling speed or accuracy, although possible, tends 10 raise the costs to 

prohibitivè levels 

The second approach is based on analog slOrage de .. ices such as 

charge-coupled-devices (CCDst or dlscrele capacllor analog memories ln an 

attempt te russoclate the high speed digitizalion process l'rom the samphng 

speed requirements,.dlctated by the sampling theorem, the Input owavcform is 

stored as a series of analog samples The anformation IS entered in the 

storage device at sampling speeds and is subsequently rCLneved at a slowcr 

rate for digital conversion. The main characteristic of the method is the pos­

sibility of an increase in accuracy. CCDs have a resolution posslbilaly of 9 

bits whereas discrete analog memories daim 12-13 bits
1261

, both cases hcing 

bener than FADCs. Sampling rates are co",!parable to flash conversion 

speeds. Higher sampling frequencies can be obtamed by interleaving a signal 

measurement in several memory devices. 

As a general observation, both solutions Involve complcx electronic cir-
'" 

cuitry whose physical electrical hmitations are directly translaled inlo digitiz-

ing performance losses Such relations facilitate the task of predlcting the tate 

of high speed\Tfrôrding development employing either of lhcsc (wo solutions 

since the results will a1ways be Itmited by the direct technologlcal limitations 

of state-of-the-art components. 
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WhiJe conJinuÎng the search for bener methods, to allow greater gains 

ànd future potential, it is important to note mat the implementation of the 

above solutions is as important as the gain itself. Both solutions are weil 

suited LO take advantage of all the benefits of VLSI technology. The net result 

is the availabiliry of high performance devlces which are easy to use. Conse­

quentJy they will find wide acceptance and use, hence maximizing the exploi­

tation of the gains obtained. This truly proJects the IWO methods as being 

large scale solutions. 

Moreover, the advancements in VLSI may bring about performal'lce 

improvements, although th~ extent is hmited and more hkely to lower the 

cost/channë1 through higher levels of integrauon 

J.3.1. Flash Converters 

Present commercial high speed digitizing equipment c1aiming 100 MHz 

s~pling rates are ail based on flash converters. The equipment ~s generally 

highly modular and available and compatiblè wilh most bus standards such as -

ÇAMAC, FASTBUS, QBUS, elc ... These modules have all evolved around 
r 

fully integrated monollthic FADCs manufactured by various large companies 

such as TRW (TOC 1029), or SIEMENS (\SDA 52.00 or SDA 5010). 

The commercial trend is to use FADes to produce very flexible mqdules 

which are capable of satisfying most market conditions This leads to the 

fabrication of standard modules having a fully integrated 'F t\DC embedded in 

complex o~erhead electronics making them multi-purpose investments. Such 

modules are indeed very expensive and thereby inhibit the spread and wide 
'- . 

use of the new resources F ADCs are still relatively new and have not yel 

reache<l a high level of implementation variety. This is caused on lhe one 

hand by the m2l!lufacturers who have economical reasons to market one 

multi-purpose rather than many different specialized modules, whilst on the 
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other hand custom development is only availahle for large research centers, 

and thus occurs at a relatively low level ln most places a basic design cri­

terion for a data acquisition system IS 10 use striclly commercial equipmenl to 

reduce implementation, operation and sep., Icm g costs. 

ln spire of all these economic factors, F ADCs have thcir hesl use as a 
.} 

low cos t, versatile unit which can be used wherevcr thcre is the nl'cd 10 have 

a rough idea of a signal but where the accent is on many mput channels. 

The simplicity of th~ method makes it very attractive, leaving ~e majomy of\ 

the work 10 be done on reducing the overall cost per channel Some ancmplS 

at a prototyPe have been made and the results are promising Speclallzing the 

function of cach channel and reducing the ovcrhead clt!ctronics 10 a 

minimum through thc use of common control signais has heen the major 

ernphasis of the work The daim of reducmg the cost per channel to $100 is 

most interestinglSI when considering that equivalt:nl commercial cos15 would 

be doser to $10,000 per channel''''. 
""' . 
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Figure 3.3.1 Sampling rale imprOV,ement using FADes 
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At the omer end of the spcctrum, F ADCs have al50 been used to pro­

duce a unit with a higher sampling raleI4~1. This was achieved by interleaving 
,) 
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the input signal through two FADes concurrenlly making sure the ~o 

processes worked in phase with an offset of one half sample pt!riod between 

the two. The schematic in figure 3.3.1 shows me two 100 MHz FADCs 

separaled by a 5 nanoseeonds time delay. Eaeh .FADC produces a resuIt 

every 10 nanoseeonds but the overall sampling period is effeetively halved 

resulting in an increase În sampli"'g rate by a factor of 2. Although it might 

seem narural to develop this idea further for highl!r speed gains it would be 

difficult ta exploit the project for commercial pur poses due to the very h igh 

C05ts involved. Il is nevertheless a possible solution to very hlgh sampling 

5peed requirements in situations wbere access to sueh performance is lhe pri­

mary concern and cost is secondary. 

PADC's are unlikely to be the foundation of a solution for multi­

gigahertz sampling rates. Nevertheless, mey will play an important role in 

the progress of research due to me low cost availability of me high digitizing 

performances that they can readily offer. 

Flash converters are limited in performance by lhe physical limitations 

of the state-of-thc-art technology. Any further performance iQcrease 

translates direclly into technologieal improvements. Shorter transistor 

switching times are possible but orders of magnitude improvements are long 
~ 

in coming and may be impossible. Moreover, every step forward increases 

the complexity of problems such as the simultaneous emphasis on power 

reduction and speed improvemenl. 

3.3.2. Analoa Memory ... 
A second approach to high speed digitization has turned away from ultra 

fast AlD conversion. It is based instead on the principle of storing the anaJog 

samples and retrieving them later, al a lower speed, and then digitizing the 

values with a slower and more accurate A/D converter. This philosophy is 

. ~ .' 
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completely different from flash AOC techniques which attemplto' process the 

transient signal as quickly as possible in real time wht!reas mis technique 

attempts to catch the transient tn memory and process it later. 

This method uses various memory techniques, gencrally in th\! form of 

a series of memory cells performing as an analog shlfl registcr. Since the 

buffer has a physical size limit,~11 sueh systems ""ill have a fixed numher of 

sarnples that ean be recorded, di~tated by the size of the regisler. For pur­

poses of high speed sampling, the writing speed of this memory will have 10 

he very high, dktaled hy the sampling frequcney, whereas the reading speed 

is more dependent on the slOring capabiliry of the memory element. Ali ana· 

log memories are dynamie and will require refreshing procedures which will 

impose minimum reeireulation speeds 

Such analog slorage elements are primanly based on CCDs or discrele 

capacitor eells Ali these eel~s will store the analog information as a propor­

tional electron charge. Discrete capacitor eells, such as the StanfordlSLAC 

analog memoryl26l, can achieve much higher resolutions from their deviees 

because they can store a significan tly higher numbcr of electrons per ccII. . 
Ali devices are dynamic memones implemenled ln MûS lechnology. Conse-

, 
quently both devlces benefit from the high density levels to allow space 

reductions, high operating speeds and low costs. 

The CCD is intrinsically a simple and fast seriai shift register. The input 

signal sarnples are stored as proportion al electron packets which are then rip­

pied 'through the length of the buffer. This simplicity of operation is the big­

gest assel of CCDs. 

To store a sample in a CCD, a positive voltage is applied to a gale eh:c­

trode, refer to figure 3.3.2, which will repel the majority carriers in the p 

substrate (holes) under the gale and ereale a potential weil for negalively 

charged particles such as eleetrons. Since these electrons were injecled into 



c 

. .. 

. ',. 

.. 

J. A/D Conversion 50 

the substraœ as an anaJog sam pIe represenultion they can be held for as long 

as there is a positive signal on the gale electrode. Then by proper application 
-

of clock signais, the charges can be transferred from ,one cell to another. 

Figure 3.3.2 

A __ ......... ~....--____ _ 

t!~:.:;J 
• ---,e;:.;-:.:;.;.::::i';j....---,-L-•• -•• T"j --
C --""'t-=:.-,,""'": .. :=-n-•• =: .-r.""":.:-~ •• J~-­
D ------,L"'=': ... -. -=-...... ~.:-:-.. =::T.,..J --

1 -------r=I!-:"".;.'="'-.~T"J--

CCD cell charge transfer 

The two mosl importanr types of informati~n degradation in a fully 

charged CCD cell are the loss of electrons due ta 1] charge leakage and 2] 

the filling of uncharged polentiaJ wells by thermaJly generated majority car­

riers, commonly referred to as 'the dark currenl effect'. Such degradations 

are characteristics of dynamic memory elements and are the reason behind 

periodic refreshing. This is usu~Jly done by cascading a refresh amplifier 

after a predetermined number of CCD cells. This refresh requirement conse­

quentJy imposes a minimum frequency for circulating the data. 

As part of an AlD con verler , a CCD buffer will find its place between 

the sampling circuit and the digitizer, as shown in figure 3.3.3. The sam­

pling rate is certainly limilcd by the writing speed of the CCD buffeT but is 

aJso very much dependenl on the sarnpling circuit for adequale aperture 

uncertainty. Hence CCD systems are just as limited by track-and-hold circuit 
'" 

1 

1 
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performances as other A/D conversion methods. The major gain of CCD 

systems over flash converters is the increase in dynamic range with compar­

e> able sampling rales. Other secondary advantages are reduction of costs for 

the digitizer and the digital memory since lhey can both he operaled al lower 

speeds. according 10 the minimum reading frt=quency of~ tR~ CCD. 
'.' 
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Figure 3.3.3 CCD based A/D converter system 

Higher sampling raIes have nevertheless been reached using several 

CCD registers interleaved wilh delay lines to create effective sampling rates 

of 1 C;Hz1JO
). The principle is iIIustrated in figure 3.3.4. Each CCD regis·ter 

{ . 
is c10cked at a rate of 200 MHz, or with a period of 5 nanoseconds. Each 

consecutive register is then delayed by a 1 nanosecond delay I1ne. The nel 

result is an effective sampling of the input waveform al a rate of one sample 

every nanosecond for a sampling frequency of 1 GHz, with a c1aimed reso·' , 

lution of 10 bits. This is a serious step forward over flash converters, which 

can c1aim 200 MHz sampling rales with 8 bits resolution. 

The same principle ~ he applied to FADes 10 oblain hight=r perfor­

mance levels but there are several points in which CCO's show 10 he supe­

rior. First is the exlfeme ditTerence in circuit complexity. which mûes 
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FADC circuits more prone to defects. Se':,onéf: these flash converters dissi­

pate a lot of power. Both points contribute to make the'FADC system more 

expensive. 

Second is the fact that every converter in the F AOC system will require 

its own page of high speed memory. This further increases the cast over 

CCD systems which can work ~n a single black of slower less expensive 

memory. Having ail the information of the F AOC system in separate blacks . 
will also make it more difficult 10 produce the experimental data in a sequen-

liai file. 

Any significant speed increase in CCDs is difficull to come by. " 

Presently, the high power requirement of the phase docks are a main obsta­

cle in the < development of faster devices. Another limitation is the charge 

transfer lime fr0"t cell to cell, which although small will evenrually become 

signiflcànt as omer parts of the system are improved. One option to increase 

speed and decrease power consumption is to reduce the cell size through 
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higher integraring densities, but this would result in a direct degradation of 

the possible resolution. 

The Stanford/SLAC analog memoryI26."11 is based on discrete capacitors 

and is a major step forwàrd for speed increase and increased dynamic range. 

This achievément is based on using 'direct cell access' which entails a paral­

--- lei input facility combined with a seriai output, and by having a relatively 

larg~r charge" store capacity per cell than CCDs. 

} However, both methods rely on sampling circuits to sample the input 

waveform and are therefore limited by the aperture uncertainties of the laner. 

Again the restrictions are crucial. The chances of reaching multi GHz sam­

pling rates are just as improbable because the limitations of the elcctronic 

components are too closely related to the limitations of the process they con­

trol. Nevertheless significant resolution improvements have been obtained 

and made available at reasonable costs. 

'3.4. Directions in High Speed AlD Conversion • 
Il is clear from this chapter that direct A/D conversion will al ways he 

1 

Iimited by the physical properties of the electronic circuits involved. Techni-

cal developments can improve the conditions but there is linle hope thal 

multi-GHz conversion data acquisition systems can he based on such 

methods. Indirect A/D conversion methods such as anaJog memories have a 

higher potentiaJ but still rely on a large amount of electronic circuitry to sup­

port ttheir operations. These methods then ultimately face the same forms of 

limitations for data acquisition as the direct methods. 

The s<?lution for high speed data recording lies in indirect methods pro­

vided thal they involve as li ttle , preferably no, electronlcs in the initial 

recording or signal sampling phase. The next ch~r will introduce a new 
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recording solution which can operate at very high frequencies, and can he 

developed to do ail initial data acquisition in optical form. The elimination of 

any electronic circuitry in the front end makes it a possible con tender for 

hecoming the basis of a new standard for future high speed transient record-- , 

ing instruments. 

"''': .~ 

" 

• 



o 

o 

o 

, 55 

ClIAPTER 4 

PHOTONIC DATA RECORDING TECHNlQl'ES 

4. 

An instrument capable of recording very high speed analog optical tran­

sient signais is described in this chapter. The bandwidth potential of such a 

device is large enough to dwarf any oscilloscope, and its multi channel capa­

bility provides a low cost per channel solution to high speed data acquisition. 

Tht! ,instrument represents an indirect A/D conversion method to digitize the 

data sIgnais. The lack of involv~ment of direct electronics, to temporarily 

record the optical signais, is the key to its high bandwidth potential. 

4.1. State of.High Spt"ed Data Recording Instrumt"nts 

The most widespre;,td and trusted electronic instrument used for any 

form of signal measurement is the osciUoscope. Oscilloscopes have a large 

potential for broad band operati'on and are at the present time the basis of ail 

high speed data acqu isition systems, However, high speed oscilloscopes are 

very expensive instruments, hig~ly specialized to serve a relatively Iimited 
\ 

market. The consequences are that any attempts to provide an experiment 

with multi-channel high speed data acquisition, based on su ch instruments, 

are generally confronted by severe econornic problems. 

Partide beam or inertial confinement experiments for example fre­

quently require hundreds of data channels lO monitor the power flow in the 

(, 
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lest. Present oscilloscope technology does not have the means to meet such 

requirements economically. This leads ta classification and elimination", 

processes ta reduce the number of channels to a bare minimum. ta form a 

small set of vital signais for the monitoring of the experiment dynamics. The 

performance of present data acquisition systems in such circumstances cer­

tainly leaves much ta be desired. 

The fields of pulsed power and other related short duration experiments 

are evolving quickly. consequently generating a growing demand for an 

economicaJ solution for lhe coverage of large high speed multi-channel data 

recording instruments. The elevated cost and scarcity of high speed equlp­

ment is often found (0 be the most frustrating obstacle ln carrying out large 

experiments. Such problems are easily put into perspective when considermg 

that the cost of an electronic recorder/digiuzer for a single. channel IS in lhe 

range of $30-35.°90 US 

At 'the present time there are only lhree countries which manufacture 

gigahertz single transient recording instruments (11). Most of these instru-
/ 

ments are related to research ln nuciear weapons testing and it is no real 

surprise to find manufaclUrers in France. the USSR. and the USA. France 

produces a 5 GHz, single channel instrument, the TN -660. manufactured by 

Thompson CSF. The instrument has been in existence for several years and 

has received favora~e reports. The. USSR has a 3 channel, 7 GHz instru­

ment, "LOTOS", and" details about il are Iimited (Ill. The United States has 

two companies producing GHz recording instruments; TEKTRONIX and 

EG&G. The laner manufactures a single channel, 2 2 GHz oscilloscope, th,c 

OS-40A, which is primarily used for nuclear weapons testing. Tektronix, on 

the olher hand has always been involved with high bandwidth instrumenta­

tion and has a long hislory of instruments(111. One of their more populM dev­

ices is the 1 GHz oscilloscope (R-7912) which has been developed into the 

'\.--
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• new 7912AD and presentJy allows digital readout and comPuter interfacing 

(IEEE 488). 

" Ali instruments mentioned above are oscillographic in nature and only 

TEKTRONIX presently offers digital readout of the signal Ali other com­

panies are working 10 provide ~tal readout capability to their ,instruments 

THOMPSON CSF are developing a new instrument capable of 7 GH z 

bandwidth with a fiber optic output faceplate cou pied to the CRT 1O digitize 

and store the image in local memory. EG&G are upgrading their instrument 

ta 3 GHz, whereas TEKTRONIX are working on new digital readout tech­

niques using Silicon Target electron guns or optical tiber cou pIed VIDICON 

or CCD cameras. 

The generaJ attributes desired in ah ideal oscillographic instrument have 

been described as follows(ll). 

1 Self calibration 
2 Computer control and monitor of essentiar functions 
3.5-10 GHz bandwidth 
4. < 25 pico second trigger jitter 
5. M emory for one or (wo traces 
6. Computer interface bus (IEEE 488,Q-BUS,elC ... ) 
7. Signal conditioning (anenuarion & equaltiarion) 
8. A precision lime base 

, 1 
This can be summarized as an instrument which would be computer 

controlled and programmable to increase its ease of operation, with a wide 

bandwidth, a precise rime base, and multir channel with memory (digital if 

possible )'. 

Ali other points aside, the develo~enl of instruments wi' GHz 

bandwidth is ~ major challenge in i~ As discussed in chapter 3, digital 

recording instruments are inadequate when used al GHz frequencies. Thus 

.-
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oscilloscopes are lhe sole remaining resource. However, state-of-the-art high 

speed oscilloscopes still depend on coaxial cables and Calhode Ray tubes 

(CRT), This immediately restricts ail signais 10 electrical signais. Coaxial 

cables are lossy and highly dispersive at high frequencies Thus distances 

must he kepl as short as possible and various compensation technaques to 

mainrain adequate frequency response are required Moreover the CRT has a 

fixed limitation on its response speed. 

ThIs chapter proposes a better system lhan oscilloscopes to fulfil the 

requirements <?f high speed data recordtng. The system's main characterisl1cs 

are: 

1. Economy 
2. High Bandwidth 
3. Electrlcal Isolation 
4. Compactness 

The system is a photon ic alternative to the converttional anaJog electrical 

data recording techniques. The field cA' pi\otonics is concerned with the gen­

eration of photon analog signais from physical observables. The physical 

observab)es act on sensors which will eilher generate lighl or modulate a 

light beam: These signais can thén be transmitted' through low loss optical 

fibers and recorded on low cost, high speed, photon sensiuve multi-channel 

data recorders. \ 

Photon analog signal recording techniques are bener suiled for high 

speed data recording due ta their inherent broadband nature, and cost effec­

nveness. The key 10 lhis alternative is an instrument called a streak camera. 

This is normally used to oblain time resolved pictures of a short event such 

as SC-ray generation or plasma formations. Such a camera ;s the basis of a 
J 

system which can offer mi.J1ti-channel recôrding, digital readout capability, 

on board memory and easy interfacing to a control computer. 

.' 
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For imaging purposes, the inpul 10 the camera is a simple slil The 

camera will produce a time resolved picrure of the light intensity variations 

which occur through this sHt for the lime of the stTeak For data recording 

pu rposes , inslead of focusing the camera onto the slit, the camera is focused 

onto a Hnear array of opticaJ fibers, as shown in figure 4 1 1. 

poooOOOOOOOOooo 

Figure 4.1.1 Optical tiber array as seen by the streak camera 
, 

ln,dividuaI fibers in the array will carry signaIs from independent chan­

nels ... The streak camera will then produce a time resolved picrure of the lighl 

intensity variations al the end of each fiber. Subsequently, every channel will ( 
.r 

produce a separate streak of lighl resulling in a numher of adjacent strctaks 
c 

with the in~sity variations aIong the lime axis (vertical) representing the 

signal's amplitude modulation. The streaks w,m he analogous 10 oscilloscope 

traces with the advantage that there can be many simultaneous'channels. The 

small sile of opticaJ fibers permits large numhers of-input signais within the 

sHt width. Considering that there can he as many as 40 fibersfl9
) in the array,' 

, , 
mis can ~reate a very compact multi-channel system al a low CO$( pe)" chan-

nel by.simllltaneously recording many signais on the same instrument. 

1 
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Without considering the details of ilS operation, the system has many 

advantages with respect ID the wide field of pulsed power experimenlS. First, 

the opticaJ sensors and signal carrying fibers used are insulators and can 

rherefore access high field regions where electrical sensors are prohibited. 

The benefits of this possibility, for better and more complete experimental 

diagnostics, are evident. 

Second, optical fibers provide isolation against electromagnetiç imerfer­

ence, greatly increasing the signal/noise ratio and reducing problems related 

to ground loops. For any pulsed power experiment, such characlerislics are 

extremely important and the solutions can be very complex and expensive' for 

coaxiaJ cable sys(ems(l)l. 

Third, the broadband characteristics of the photonic sensors, optical 

fibers and sLTeak camera make the system weil suited for multi-GHz opera­

tions. In addition, the synchronous recording of many channels automati­

cally rime correlates them, something very difficult to achieve with oscillo­

scopes. This certainly provides an increase in overall performance level. 

Finally and most importantly, the multi-channel capability of the sysrem 

reduces the effective cost per channel to more manageable levels when com­

pared to conventional methods, even more so when considering possible per­

formance levels never before attained. Il also produces a much more compact 

instrument with lower power' consumption, significantly faciJirating the 

system' s installation and operation. 

On ,othe whole, the photonic system can offer improved performance , 

with cost effectiveness. As an added performance adv1tage it will allow the 

possibility of making measuremenlS which are currently aJmost impossible. 

" 
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4.2. A High Speed Multi-Channel Data Recorder 

A general layout of the recording instrument is shown in Figure 4.2 1 

below. The main parts integrated in this system are: 

1. Sensors (electrical or photonic) 
2. Electro-opticaJ transminers 
3. Optical fibers 
4. Optical fiber array 
5. Electro!.opticaJ streak camera 
6. Digital readout system 
7. Data handling computer 

q It ... ak liT 'TV ~ Ca •• ra caaara 

Lana 25h256 •• bit 

Ehct .. lcal 
InPlit. 

Optlcal Input. 

IU.ctr%ptical 
Cony.rtera 

D191t1ur 1 
Control Unit 

'1 

\ 

Figure 4.2.1 Schematic layout of the high speed 
multi-channel data recorder system. 

~ -
Co.puta .. 

Ideally ail inputs to the camera should be primary optical signais, ie. 

produced by, photonic sensors. However, to allow the instrument to be 

retro-fined inta existing systems, which already contain a large number of 

electrical sensors, il should provide the capability of recording primary, 
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electrical signais as ~ell. This task is performed by the electro-optical 

transmitters which are based on laser diodes. The function of these con vert­

ers is to emit a laser light intensity proportion al to the amplitude of the driv­

ing electricaJ signal. The laser diodes function much like normal Iig'l,t emit­

ting diodes (LED) but with an extra emphasis on lasing power and linearity. 

With the availability of such electro-optical converters, an)' type of sig­

nai can be reeorded by the instrument, whether it originates from photonic 

or conventional elecrrical sensors. Ali channel signais will he optical bdore 

they reach the optical fiber array which is simply a linear array of adjacent 

opticaJ fibers, each one carrying an independent channel. The fibeJ array IS 

subsequentJy lens coupled into the streak camera which will proceed to 

record ail the ehannels simultaneously. Each channel signal will be recorded 

as a separate streak on the camera's output phosphor screen. A typical pie­

ture of the phosphor sereen output for a four channel streak is shown in fig­

ure 4.2.2. 

The digitizati9n of the multi-channel picture is achieved via a VIDICON 

TV camera. The picture is reeorded on a typical 256x256 target array and 

each pixel is digitized into 256 levels of intensity. The digitization of the 

VIDICON video signals is performed by a fast A/D converter and is stored 

as picturt information in a local frame buffer. Both the A/D converter and 

the frame buffer are resident in the streak camera control uoit. The control 

unit is also responsible for providing an interface 10 allow communication 

with an external computer for data handling and processing functions. This 

will aJlow individual channel signals to he anaJyzed and plotted in the fami­

liar amplitude versus time format. 

A system as descrihed herein can he completely asse01bled from com­

mercially available components. OpticalJr~smitters are available to con vert 

. an analog electrical signal inta its photon counterpart al ba'ndwidths VP lO 1 

'1 
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Figure--4.2 2 Streak camera output for the recording of four 
• simultaneous channels. 

GHz. Optical fibers are readily availaQle with a large range of specifications. 

For this application a fiber wi~ a bandwidth in the vicinity of 10 GHz would 

be desired. Requirements of such magnitude can be fulfilled by graded 

index multi-mode fibers which display bandwidth specifications of 400·800 

MHz-Km .with an attenuation coefficient of 2-3 dB/Km. Since general chan­

nel lengths are within 100 meters a channel bandwidth of 4-8 GHz is avail­

able. The streak camer~ system and its control unit is a1so indepcndent com-
, l' 

merciaJ equipment. 
/ 

/ A major characteristic of this recording system is the multi-channel 

capacity which is controlled by the streak camera, the VIDICON .TV camera 

and the size of each fiber in the array. There will be a minimum separation 

n~cessary between each fiber, which is delermined by the distance necessary 

between two fibers to prevent any significanl cross talk between adjacent 

channels. The separation distance is a fixed value, therefore only a limited 

number of fibers will fit witHtn the camera's input. Il is possible 10 increase 

the input width through adequate lensing but il will remain a question of the 
, 
'\ 
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TV camera, with its fixed resolution, ta be able to resolve two adjacent 

streaks. On a test in(ll) for a 256x256 pixel camera, a minimum width of five 

pixels was reqùired for proper channel resolution. 
, 

--
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Figure 4.2.3 Single channel streak width as seen by 
the TV camera. 

Figure 4.2.3 shows the typical distribution of a- single channel streak as 

seen by the TV camera. Theoretically, 756 pixels al5 pixels/channel would 

a1low approximately SO channels ta fit on one 'screen width. However the 

necessity for a guard band between channels for cross taIk purposes will 

reduce this number. 11)us if 1 pixel is reserved as guard in belWeen each 

channel, the maximum number of channels would drop lO 40. 

, 
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4.3. Streak Camera 

The most important element in the development of this system is the 

streak camera itself. The device is a photon sensitive instrument which 

transforms a temporally varying optical analog signal into a spatially varying 

optical analog signal. Il is stressed al this point lhat for all intents ~r-:-' 

poses, the spatially varying output signal is analog, much as isYân oscillo-

, -----scope. _____ 

Hence the main function of the streak camera is 10 transform a time 

dimension into a space dimension, similar to a normal movie caml!ra Figure 

4.3.1 shows a schematic diagram of the streak tube which is the hasls of the 

instrument 

~- ---- ---The ftrst -part consists of a pholocathode which is responslble for emit­

ting electrons proportional to the inlensity of the incident light signal This is 

followed by accelerating and focusing electrodes which guide the electrons 

" through the deflection electrodes. The electron signal is then amplifiéd 

through the micro-channel plate (MCP) and stops on the phosphor screen 

where il will be recorded. 

To produce a streak of the input, the camera will, first, lransform the 

incident lighl bearn inoo a proportion al electron signal, through the photo­

cathode. This signal is focused through the detlection plaies. lhrough the .. 
MCP and onto the phosphor sereen. Initially, the electron signal is kept 

deflected to the top of the phosphor screen and as the deflection plaIes are . -
activated by an electrostatic voltage ramp, the electrons are swepl downwards. 

This displays the lime varying input amplitude of the signal on the phosphor 

sereen as a spadally varying intensity light streak. The image of the ,phosphor 

screen is recorded by a silicon inlensified target (SIT) VIDICON C'~mera in a 

digital form and the results are slOred in memory. 
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Figure 4,3.1 Schematic diagram of the str~ak camera 
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\ The enlire data recording system éapability is highly dependent on the 

str~ camera specifications. Hence the camera will dictate the available" 

range of sweep speeds, the sensitivity of the system, ilS dynamic., range, and 

linearity. -,," 

4.3.1. Sweep rates 

The sweep rates available on the streak camera are controlled by high 

voltage ramp generators which feed the electrostatic deflection plates. These 
(\' 

are electronic modules which, can be interchanged to a1low different rang~s 

of streak rimes. 

. The slope of the ramp will determine the streak periOd. The larger the 
o 

slope the shorter the streak lime, thus being equivalent to changing the time 

base on an oscilloscope. The Iinearity of the ramp signal is crucial for undis­

torted results, jusl as in the horizontal sweep generator of the oscilloscope. 

~" 
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The sweep speeds available for the streak cameras are the standard lime 

bases of 10-20-50 nanoseconds, 100-200-500 nanoseconds and the same pat-. , 

terns for sub-nanosecond and microsècond ùmes. Interchangeable m1u1es 

will generally contain overlaping ranges to allow nex.~bility withm cach 

module's speed range. 

The voltage ramp is direclly connected 10 the deOecùon plates and is 

necessarily a high voltage signal. It is the sweep speed of the ramp gencralor 

which will Iimit the frequency resolution, just as the smallest ume base of 

an oscilloscope will determine the maximum frequency which can be 

resolved on the screen. The fastest su:eak speed available wIll determine the 

highest frequency compement that can be resolved on the output strcak. 

Eventually, il becomes increasingly difficult to produce shOrler ramps 

which will preserve a linear response. However, despilc su ch design effort ~ 

requirements, il still appears that the development of ramp generation tech-

nology has more potentiaJ prqmises for high speed da~ acquisition than simi-

lar developrnents in sampling circuits for direct digital recording Ulùmatc)y. 

the lowest sweep speed is specified by the temporaJ resolution of the streak 

• tube, which is dictatéd by the streak tube's sensitivity . ........ 

4.3.2. Sensitivity 

It is the temporal resolulion of the slTeak tube which will determine the 

full bBndwidth, capability of the SlTeak camera. The camera tube has a finite 

response lime which will determine the smallest unit of ùme that can he 
,~ 

resolved on the output ph os ph or screen. To temporaJ resolution is defined as 

the full- width at half-maximum (FWH M) of the SlTeak output corresponding 

ta a short input pulsell9
). This can be measured by applying a known short 

pulse 10 the slTeak camera and reading out the FWHM of the slTeak image 

from rh~ intensity profile on the camera output. Streak cameras with lime 

..... 
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resolutions of 2 pico-seconds are available today. Time resolutions of .mis 

magnirude would theoretically allow for 100 GHz operation, assuming 5 

'" samples pèr cycle. This makes lhe streak camera a serious contcnder for the 

basis of a new gen~ration of high ~peed transi", recorders. 

The sensitivity of the system depends a great deal on the photocathode. 

Il is the camera's photocathode which is responsible for releasing a propor­

tional electron signal in response to a light signal excitation H enee it is the 

photocathode's ability ta deteet input intensity variauons and to produee a 

related change in electron emission, which will determine the minimum 

amounl of Iight necessary to create any deteetable output. This basically 

repres.ents lhe eamera's sensirivity. The phosphor sereen IS involved in the 

sensitivity because it dictates the minimum eleetron beam intensity chan ge 

necessary ta produ'ce a detectable change. However, thlS limitation can be 

overcome by the MCP amplifier which can amplify thé eleetron signal to the 

necessary level. 

Practically, the time resolution is limited by the VIDICON TV camera 

resolution. The fixed number of pixels in the target array give rise to a rime 

quantization error in the digital picture. This will be developed further in a 

later section. Despite these limitations, the streak camera allows for outstand­

ing performance levels. 

The advantage over oscilloscopes is due to the 5implieity of the eleetron 

beam deflecrlon trajectory. Oscilloscopes have 10 deflecl the eleetron beam 

through rwo dimensions; the input signal's frequency, in the horizontal 

direction, and am pl irude , in the vertical direction. The streak camera will 

alwa~_ have a simpl.e Iinear sweep. Ali frequency and amplitude information 

is pro~ded by the electron beam intensity modulation. Although the advan­

tages of such a simple sweep mechanism are unequaled, one disadvantage i5 

the depenœnce of the entire system on the characteristi'cs of the phosphor 
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screen. Hence, any non-linearity and uneven intensity decay due to the' 

phosphor screen will affect the quaJity of the signal recording 

Phosphorescence is a complex subject in itself. As a side nOie, Il IS 

good to remember the basics. Fluorescence and phosphorescence are 

processes in which radiation is emined by atoms which have had their clec­

trons excited to various quantum electronic states by the absorption of other 

radiation (6) • If the states from which these emissions orlgmale and terminale 

have the same multiplicity, then these emissions are called fluorescent 
• 

Electrons in fluorescent state transitions will al ways preserve thcir original 

spin direction and have a Iifetime of the order of 10-7 to 10 9 seconds. 

When the transition states originate an_d terminate with a differenl clectron 

spin, the resulting emissions are called phosphoœscent ln these cases, the 

transition states do not have the same multiplicity and the lifetlmes are much 

longer, milliseconds to seconds(6). 

A phosphor screen will display intensity variations of one spot on the 

,screen proportionaJ to the energy variations of the inCident radiation. In this 

case, the incident radiation is the intensity modulated electron heam The 

proportionaJ reaction works for a limited range, after whlch it has been 

observed that increasing intensities produce an increase in the illumination 

area (39). At that poim, the translation is no longer linear and thc phosphor 

screen has reached ilS limits for data acquisition. 

Phosphorescence intensity decays after the withdrawaJ of the exciting 

source accoréling to an exponentially time varying first- order rate equation 

1 = 10 e (-tir) 

1 where T == IIKp 
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and Kp is me rate constant for phosphorescence. Consequently, when the 

incident source intensity is lOO strong, resulting in a broadening of the 

iIIuminated area, the decay will not be prOr><'l"tional over the enure range. 

The con Cern over me limitations induced by the phosphor screen and 

further mechanisms for image digitization has lead to the development of 

charge-coupled-device (CCD) streak tubes, (10.21.3
7

). This involves the 

replacement of the phosphor screen and mulù channel pl'îite (MCP) amplifier 

with.. a CCD array. The advantages are a simpler streak tube design, a much 

simpler readout system, eliminating the SIT TV camera, and allowing decay 
J -

control of me image information through adequate rooling CCD's can 

reLain. their information for seconds when cooled at low templ!ra(~'res Their 

analog shift register type memory also makes il ideal for data reado~d 
digitization. The diagram of a CCD ~treak tube is shown belowAi~~- figure 

---1 4.3.2. 
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Figure 4.3.2 Schematic cross section of a CCD streak tube 
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4.3.3. Dynamic range 

The dynamic range of the camera will also he determincd by the phos­

phor screen sensl.uvity. It is defined as the ratio of the lowest in put wh Ich 

will produce a measurable pulse width, to the input whlch ",il! creale a 20(t 

broadening of the pulse width. ThIs conœpl is illuslrated in figure 4.3 3 

According to these limitaùons, a dynamic range > 1 100 has been con-

firmed!3Q
) • 

-1 ra 
-jU 
J 1.0 
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Figore 4.3.3 Plot ofintensity dependenl pulse width 
and the concept of dynamic range. 

Practical values for the dynamic range have becn reportcd 10 be > 40-

50 (19,24) bul will be lower in practice for the ove rail system. One main lim­

iter {; the use of electro-optical converters for electrical signal conversion. 
, 

The laser diodes composing s~h devices will dictale the dynamic range with 

which the electrical signais are converted. The response of .these diodes 15 

highly Iimlted in linearity, IX?wer and dynamic range which will usually vary 

from 30 to 40 (24) aCéording to the specifie laser diodes used. This will 

invariably reduce the overall system dynamié· range and stresses the 

\ 
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development of photonic sensors or bener laser diodes Improvements in 
r 

laser diodes are a bener and more likely short term soluùon whereas the pho-

IOnie sensors are a long term goal. 

4.3.4. Non-linearit'y 

Non-linearity in the sweep will produce distorùons in the ùme axis as 

weil as in the inten~ity values Any compression 10 ùme due to a non'" 

Iinearity of the sweep ramp will cause an increase in the output intensity and 

mus is a major limitation to the sweep speeds As mentioned earlier, it is 
'\, 

very difficult 10 produce picosecond ramps that will be perfectly linear. 

Non:lineariry figures ha~c been reported to be less than 1 % for 1 

nanosecond resolutions (3
9

), and generally in the vicinily of 5 Ci;- for 

. dl' (3924) plcosecon reso uUon . . 

However, when considering the enUre system, the non-lineanty of the 

laser diodes is mainly responsible for introducing harmonie distorùons mto 

the signais. Althougl1 limlt~d in amplitude they were measuf1ed in (24) to be 

below -20 dB for 2nd harmonie and below -30 dB for 3rd harmonie distor­

tion with the laser diodt:s operating at maximum output power. 

4.3.5. System bandwidth 

The ovetall bandwidth of the instrument is dependent on the individual 

1 bandwidth limi~tions of the various partS of which it is composed. The streak 

camera h~ a practicaJ bandwidth which fs close to 10 GHz, due to the output 

resolution available by the recording VIDICON TV ca!"era. This perfor­

mance is reduc~d by the bandwidth of the optiea) fibers to valu~s of 4-8 GHz 
, 

depending on the cable lengths)erfprmance levels of this amplitude are 

" respectable and are a good short term goal lO aim for with this system. For 

) 
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the cases where laser diode interfaces are required, a significant drop ln 

bandwidth is witnessed. 'State-of-the-art devices provide performance levcls of 
• 1 

l00's of MHz but very few allo\\' for GHz operation. THOMPSON CSF is one", 

of the few compames 10 manufacture laser diodes capable of 1 GHz o~ra­

tion. 

-
Dyna.le 

4-5 GH& 

Optica1 r1be~ 
Zl.ct/opt" F========== Conv.rter 

.... n9. '!2.:..!2 

10. Cil. 

.~r .. k 
Ca •• rl 

Figure 4.3.4 Bandwidth and Dynal!lÎC Range limitation 
disu-ibutions of the recording instrument. 

Clearly the breakthrough lies in photonic sensors which would ensure a 

minimum of 4 GHz and up to 8 GHz operating bandwidths. Anotht!r alter­

native is to develop fasler and 'more powerful optical transmincr interfaces. 

Nevertheless, without any loss of generality, multi-channel capahility \VIth 1 

GHz bandwidth is still a large step forward des.pite ilS being only"a fraction of 

the ultimate potentiaJ. 

4.3.6. the Streak Camera digitization process 

1 ft is intere.sting, at this point, to investigate the digitization process of the • 

streak camera. A major conclusiori-l drawn from chapter 3 observed that 

high frequency signal digitization was possible through the use 'of an inter­

memate starage element. An intermedtate slorage stage provides a m~ns to 

temporarily store the anaJog signais and permit later retrievaJ of, the 

( 
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information for digitization. ThIS formed the governing philosophy .for analog 

memory reeording instruments 

The same philosophy I?rovides an interesting view point from ,which the 

presently described system can be exarnined. The streak camera can be con­

sidered as the anaJog storage device and me TV camera as the rerrieval 

meehanism for digitization. U nlike me anaJog memory whlch stores analog 

samples, me streak,'camera stores a continuous signal on the ph os ph.or 

sereen. The importanl part to remember about the intermediate storage stage 

is mat il need nOI have a very long signal slorage life ume If the phosphor 

screen çan increase the life time of me- experimentaJ signal from 

nanoseconds 10 a few milliseconds, a greal lime gain has been obtained. The 

digitization process has thus Cl much larger lime period 10 digitize the infor­

mation and fast conversion meL'lods can assure that the digitization is fin­

ished before significant degradation of the pl'Iosphor screen picture has 

occured. 

4.3.7. Image Digitizing 

The digitization process which occurs in this system should be weil 

~ understood to appreciale the results. As in all other such processes there is 

-1nformation loss mrough me sampling mechanism. Il is exactJy this sarn­

pling mechanism which was the major stumbling block in chapter 3 and to 

which the photonic system seems 10 provide a solution. To a certain extent it 

does. However, the output of the system will still be a string of digitized sam­

pies and i~ is important to determine me level of information loss. 

The most important cause of distortion in direct conversion methods was 

aliuing, which was due to the aperture uncertainty of the sampling pro­

cedure. ln the case of this system, a VIDICON TV camera is responsible 

for digitizing me information. Il performs the, task of sarnpling. the streak 

\ 
\ 
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image on the phosphor screen and' pToducmg an electrical signal for each 

pixel to represent the magnitude of the avera~e intensity covered hy the pixel. 

These analog electncal signais representing the plXt:I's intensily are sent to 

the A/D converter The TV camera certalnly has an advantage Wlth respect 

to signal sampling since the signal on the phosphor seree", is practieally per-
l 

manent. 

This does not, however, eliminate aperture uneertainty prohlemsl The 

streak on the phosphor sereen will have no variations in time but the verucal 

axis of the screen represents the Lime axis. The VIDICON camera has a lim 

hed number of pixels on its target array. The total number of pixels dcter 

" mines the number of samples by which the picrure will be approximaled 

Consequently a targel anay with many pixels will provide a hl'uer plcture , 

resolution. The relation tO aperture uncertainly is that l'ach pixel of the targel 

array will coyer a certain arca of the picrure on the phosphor screen. Smee 

the ve'{tical ,~istance represcnts Lime. lhe mtensity variaùons wilhin the arca 
) ) . 

of a pixel will "Be the equivalent of the aperture uncertainty in elcctronic sw$-

pling circuits. 

Although both systems are faced with sorne form of aliasin g. the streak 

camera does have an advanlage over electronic sampling circuits in that the 

aperture uncertainty can be controlled. Il is important to remember that the 

actual streak on the phosphor screen is an analog signal recording. just as in 

'-an oscilloscope. The sampling IS completely ,dependent on the TV camera. 
1 

To increase the resolution of intensily variations within the streak, and con-

sequently th.e frequency resoluùon, sirnply requires a camera with a larger 

, n~r of pixels. This coincides with theory since the area covered by each 

pixel ~m represenl a srnaller lime span and consequently a smaller aperture 

uncertainty a1lowing ,greater sampling rates and Iherefore more frequt.!'ncy . (, 

resolution. 
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A simpler alternative to increasmg the frequency resolution would ~e to 

increase the sweep rate and keep the same TV camera. This would reduce 

the time span covered by each pixel area and consequently the aperture 

uncertainty. Smce theory states that larger sampling rates are possible with 

smaller aperture uncerrainlies, the faster sweep rate would increase the effec-
, 

tivt sampling rate and therefore the frequency resolution. This makes practi-, 
, 

cal sense; when the sweep speed is increased a smaJler part of the signal is 

spread over the screen aJlowing smaller changes 10 become noticeable. 

The temporal resolution of the sU'eak camera will govern ils potential 

resolution performance. Practically however, it will be the TV camera which 

will dictate the smallest un it of lime that can be resolved and hence set the 

streak camera's ope ration al resolution. There is certainly tflè'-~Sibility of 

using fast sweep speeds 10 allow the VIDICON camera's resolution _to be 

matched ,to the streak camera's high resolution capability. The major prob-, 
lem wilh mis practice is that it only allows a very small part of the signal to 

be anaJysed. ft is generally..preferable to see a rnajority of the experimental 

signal which dictates 10nger sweeping tirnes. Therefore an increase in the 

VIDICON camera's resolulion would prove a better improvement for the 

system's overall performance man high sweep speeds 

Overall, the main emphasis in digiriZ~ streak is the fact that the 

image is recorded as a number of contmuous signals. The instrument 

bandwidth is not dependent on any sampling limitations, just on ils response 
-

speeds. Furtherrnore, the digitization process is independent of the recording 

performance and can be controlled separately to rninimize signal distorrion or 

information loss. However. any errors 

such as quantization fror. still remain. 
o 

\ 

strictly related to AID conversion, 

• 
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4.4. System Operation and Integration Considerations 
" 

Ail cost. space and power reductions are based on the ability of the sys­

tem ta record a large number of channels simultaneously on one screen. 
" 

One disadvantage is that this system only becomes justifiable for a large 

number of channels since the over,1I cost will be the same for any number , 
of channels. A slighLly more serious problem is the high level of risk 

involved with information 1055 of an experiment. If the recorder is responsi­

ble for' the ac~uisition of many signais, any failure in the instrument will 

involve the loss of large amounts of data. The operaùng principle of the sys­

tem is relatively simple but operating conditions are usually unpredictable 

and nothing is really foolproof. 

Despite such problems the 'hdvantages over oscilloscope systems. which 

are the only instruments with comparable performance, are significant and 

make this system a serious con tender as an alternative solution for high 

speed data acquisiùon needs. A list of the main gains over oscilloscopes, 

regarding general performance levels as being comparahle, have been 

reported as listed below (I,Q): 

1. 6: 1 reduction in cost per channel 
2. 10: 1 reducùon in space utilization 
3. > 20: 1 reduction in power consumpùon 
4. > 20: 1 reduction in installation cost 

All these points are practical advantages but they stress an important 

cha!acteristic which is as important to the data acquisition system as the -actual performance level. For example, installation costs take on a reaJ 

meaning when considering the task of providing 100 oscilloscopes with input 

signal~., trigger synchronization and photography. Such an operation can be 

tedious. Similarly, space utilization is al50 a significant factor especially in .­

pulsed power experiments where ail the instruments have 10 be housed within 

., 
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, -~ 
a shielded room'. Il can be very diffieult to stack a)arge number of oseillo-
. 
,copes in a smaJI room, withoUI mentioning the heat produced by the power 

dissipation of all these instruments'. 

These factors, combined with the streak eamera's exception al perfor­

mance potential prove 10 be an outstanding alternative. However, before such 

systems become widespread, many more details have to he settJed. The big­

gest problem remains the optical signais as inputs to the camera. Develop-

, 

\ ments in that direction are the subjecl of the next section. The second prob-
; 

lem is 10 develop cameras with larger channel eapacities. Il is a very impor-

tant step ~ making sueh devices feasible. The next step would be to allow 
,. 

for more tlexibility in sweep times. ldeally, each channel should be indivi-

dually selectable for any sweep speed. Finally, the output sereen should be . 

longer ,Or digltizing resolutlons he higher 10 obtain a larger number of sam­

pies for eaeh streak. 

4.5. Photonic Sensors 

Future developments in phOlonic s.ensors will play a key role in the 
• .. /1 

success of photonic data recorders. Photonic s~nsor:s will be responsibléfèbr 
. , 

tfle' production of a photon analog signal in respons~ to 'a physicaJ' observ-
" 

able. This will permit completely optical communication systems for ail 

measurement signais. Optical fibers combine low IOS5 qualities with high 

bandwidth performances. The isolation characteri~tics of the fibers immunize 

aU signais against any EM interference in the environment and subsequently 

boost the effective signal/noise ratio available. 

The field of research is ~ide and varied, eovering a large area of sens­

ing methods and techniques. However, photonic sensors can he divided inta 
. A \. . (19) 

lWO main groups: clive or passlye sensors . 

.... 
~. " 
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. 
[1] A passive sensor will involve the absorption of energy frorn ... a physical 

observable and emil the absorbed energy in the form of photons. 

[2] An active sensor will modulate a light beam (laser) with sorne functional 

dependence on Ûle physical observable. 

Two successful photonic sensors have been developed and tested (lQ.20). 

One such device was designed to measure voltage whereas the second was 

designed to measure current. Both are ~ery basic measurements in any 

pulsed po'-"er experiment 

4.5.1. Photonic \oltage St'nsor 

The developed voltage sensor is an active device. Consequently ilS OUt­

put will be an intensity modulated laser beàm ,-"hose modulation describes 

the voltage Oleasuremenl. 

The sensor uses a linearly polarized laser beam which is used as the 

carrier signal. The laser Iight is aimed at a KDP (potassium dihydrogen 

phosphate) crystaJ which has a polarization angle which is 45 degrees wim 

respect to Ûle electrically induced birefrigent axes. A last polarizer is used 

after the crysUil with a polarization angle of 90 degrees wich respect'to the 

laser's initial direction of polarization. 

. "' 
The net effect of an electric field acting on me crystal lS to create a 

Phase retardation in one component of me Iight beam as it crosses the cry-. ,. 
·stal. This pha!e delay whi~1t is proportionaJ to the magnitude orme electric 

field, causes the beam to become elliptically polarized. The beam intcnsity 

,.".will be modulated as me elliptically polarized laser beam traverses the final 

Iinear polarizer. The magnitude of the modulation will be dependent on the 

magnitude of the phase delay produccd in the crystal which is dire~tly related 

to the applied electric field. Thus the voltage_ can be deduced (20'. A 
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sehernatic diagram is shown in figure 4.5.1. 
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, Figure 4.5.1 sc~~atic diagram of a photoniç voltage sensor 

4.5.1~ Photonie current sensor 
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The eurrent sensor is also an ~tive device and will merefore modulate a . , . 
laser bearn proportion al 10 the eurrenl il is rneasuring by exploiting thé Fara-

day effect on silica 115.161. 

If a magnetic field is applied 10 a siliea fiber, the fiber will beeome cir­

cularly birefrigenl,. Hence' left circularly polarized Iight will travel through 

the fiber al a different speed than right polarized lighl. This differe!,ce in 
, 

speed will cause me plane of Iinear polarization to rotale by an angle 0. This 

angltf will he proportion al 10 the magnetie field applied to the fiher. 

Th ",easurc current a single mode fiber is wound severaJ times around 
~ 'Y""'~ 1 ... 

a 'current carrying wire so as 10 suhjecl it lo the rriagnetic field produced by . ' 

the curœnt. AI Iinearly polarized laser bearn is applied al one end of -the 

fiber and a linear polarizer '!t th~ other end. Since the rotation angle of the 

! 
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polarization plane in the fiber is controlled by the' magnetic field, the output 
• 

, of the laser beam after the linear polarizer will be ~plitude modulated due 

\ to the polarization changes which occurred in :he fi ber . These amplitude 

modulation~_can be related to the linear polarization rotation 0 which is con­

trolled by the magnetic field From the magnetic field the cunent can he caJ­

culated. 

Increased response can be possible by winding the· fiber more times 

around the current carrying wire. The main difficultr is 10 wind the fibers 
, ~ 

around small radii and avoiding any stress in thè fiMr due to bending and 

o twisting. Such resulting stresses on the fiber will couple linear birefrigence 

to the Faraday induced circular birefrigence to produce a polarization rora­

tion which will nOl be proportion al 10 the current(l~~. A schematic diagram 

of the sensor layout is given in figure 4.5.2. 
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4.5.3. Future dirt>ctions 

Pholonic sensors certainly have their place in the area of pulsed power 

experiments. The same conditions that are' so devastating for electrical com­

ponenlS can be takcn advantage ,of by the new opticaJ delectors. Small effects 

can be exploited by such deleClors due to the magnification process originat­

ing from the large magnitude of the physicaJ observables responsible for 
, 

producing these effeclS. 

Nevertheless, the wid~spr~ad use of photanics will depend on the 

development of fundamcntal elements such as the pholonic equivalent of the 

following coaxial componenlS: 

1. anenuators 
2. spliners 
3. inverlers 
4. power T's 

Further developments should iriclude changes in the streak camera" 

which is actually the mo~t costly element in the system, to allow individual 
- , 
sweep rates for cach fiber in the multi channel instrument. The aim is 10 

obtain a photonic equivalent of the CRT where .each channel can be con­

trolled individually but maintain the high numher of channels per instru­

ment. 

Furthermore, totally integrated fiber sensors for current, voltage, field 

and radiation measuremcnts would he necessar:t-J=inally and importantly, a 
l 

large amount of software will ha~e ta be developed to handle and process the 

large data bases thal will he produced by.improved diagnostic possihiJities in 

each experimen l. 

\ 
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CHAPTER 5 

A HlGH SPEED MULTI-CHANNEL ANALOG TRANSIEl'IT RECORDER 

PROTOTYPE-

S. 

The following chapter describes the results from the developrnent of a 

,small scale version prototype of the higtr speed data recorder described in 

chapter 4. Il ilIustrates the findings relating to the streak camera system as 

weil as d'I'e immediate problems involved with the production of single and 

multi channel streak images. This involves results from laser diocks, optical 

fibers, and a streak camera system. 

( 

S.l. System Introduction. 

The following system description is for a reduced version of the H igh 

Speed multi channel data Recorder sirnilar to thal presenled in the pr~vious 

chapter. The speed range considered is of the Slfder of GHz, with the capa­

city of 16 channels of higH speed digitization and the 'possibility of expansion. 

The system could be upgraded 10 21 channels with sorne effort. Long run 

improvements couJd bring this figure up 10 30. 

A streak camera syslem responsible for capturing and digitizing the timc , 
resolved input signal images is available commercially. Such a system can 

only store one image in its memory, thus requiring externaJ SlOfage capabili­

ties to permanently save the results. This is achieved through a seriai Iink 10 

...... -
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an IBM-XT personaJ computer which can provlde disk storage as weil as sorne 

posl-processing facilities for me data 

Certainly, the major con cern of a transient recording system, apart from 

channel volume, is mé ability to reconstruct the original signals produced by 

variou,s sensors. This necessitates the Iiftear transmission of signais from the 

sen sors to the compute~. Th'I! opticaJ fibers are relatively worry free and any 

non-linearity in the streak camera system, which in mis case is very small, 

has to be accounted for, The biggesl problem is the electrical/optical conver­

sion process necessary to couple the sensor signals into optical fibers. For 

both Iinearity and dynamic range, these converters are the bottle neck of the 

s~stem. 

This chapter describes the work involved in a feasibility investigation to 

produce a small scale High Speed Multi Channel Data Recorder The streak 

camera unit, the HAMAM6TSU C979, was interfaced to an IBM·XT personaJ 

computer. Most of me work was directed to produce me necessary equip­

ment and conditions to obtain a standard channel streak, digitize il and save il 

on the computer. This would a1low verification of me maximum channel 

capacity. camera and convertet linearity, and indicate the necessary work 

involved to uphold operational conditions. 

The scarcity of powerful laser diodes, used as the electricai/opticaJ con-
" veners, combined with the streak camera' s low sen~itivity were a seriotls 

Iimiting factor in the extensive development of the prototype system. The 

system layout is shown in figure 5.1. r. ' 

" 
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Figure 5 1 1 System tayout for the prototype system 

Il 

S.2. Slreak Camera Tecbnical Details 

~ 

S.2.1. Introduction 
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~e streak camera is the basis of the h~gh speed multi- channel a7..llog 

transient recorder. H receives a number of optically modulatcd signais al Ils 

input lenses and records their variations in time. Multiplexing is practically 

nonexistent since ail signais are streaked simultaneously. Such a proccss 

seems simple enough to be feasible but does require a number 'of sun­

systems lO be properly in tegrated. 

To facilitate the foUowi g discussion of work involved in the transienl , . 
recorder develo enl, il is easier to separale the system into three pans as . 

l 

shawn below: 

fi , 1, 

, 

" 
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1. Input Opucs (Ienses and shts) 
2 Streak Unit and TV Camera 
3. Control Unit 

The work involved relating to the CW laser diodes and optical fihers IS 

discussed separately later The follo\\lng section ~III preSL'11t the findings 

and details about parts 1 and 2, as weil as the changes that had 10 hl' m..l~k ln 

order to make the Unit work as deslred Part 3, the control umt, rematnL'd 

unchanged and was used as delt"ercd by the streak camera manufaclurl'r 

5.2.2. Streak tube dimensions 

Before mentionmg the input specifications of the transient recorder, the 

streak tube dimensions and operatlon should be ~Iarified 

The streak tube contains a photocathode \~)lh physlcal dimenSions of 

4x4 mm. This 4 mm wide image is projected through the MCPT ampltlicr 

onto a 15 mm wide fluorescent screen The TV camt:ra, for Its part, only 

digitizes a 10 mm sectJOn of this plcture ConsequenLly only IWo thlrds of 

the ,input image width can be secn at the camera output The input ""indo\\ 

width IS therefore 2 7 mm instead of 4 mm, an imponant fact to know when 

calculating the physlcallimllations of the fiber array wldth 

ln as far as the Input requirements are -concerned, the camera should 

aJlow 16 inputs within a sht width of 2.7 mm With the built in lens, only SIX 

fibers ean be seen by the TV camera To bring up this value to 10, a.1 1 

reduetion scheme was devlsed by focusing the fiber array through ..ln extra 

50 mm lens. This moved the focal point back by approxlmatcly JO cm and 

required the fiber array 10 be fixed away from the camera 1O he ln locus, as 

shown in figure 5.1.1. This lens configurauon offers a window wldth allow· 

ing up to 18 fiber inputs. The system is expected to display 16 channels, and 

the opties allow more inputs than required. 
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As mentioned earlier, the input optics should provide sufficient capacily 

to fully exploit the capabilities of the system. Seing adjustable, the opücs . 
should be designed 50 as I)ot to limit1the pe~formance of the system in any 

way. There are many other Iimiting factors which cannot be changed in the 
~ 

sb'eak camera unit. These limitations will dictate the initial system possibili­

ties, and the design of the rest of the system wiU set the final specifications. 

The aim of the streak unit is to record as many input sources, as 

linearlYt and with as much discrimination among individu al channels as pos­

sible. The Iinearity of the sb'eaks is inherenl in the camera. Any distortion 

., 
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in the output must be accounted for. The numbcr of possihle inputs and the 

quality of signal discriminatibn are [wo very inter-related prohlems along. 

with various other device specifications These will be discusscd lall'r. 

On the other hand, the streak linearity is complctely dcpcndcnt on the 

streak tube sweep signaL Figure 5.2.3 shows the sweep ramp for a 100 

nanosecond sweep and displays the lincarity of the high voltage ramp Il 

should be noted ~1t the sweep ramp is three times longer than the effective 

sweep time seen on the screen A close inspection shows a rise in non­

linearity in the lower 25% of the ramp. _ The middle section, whlch IS the 

most important, is very Iinear. 

The diagram shown in figure 5.2.4 shows the relative timing of the 

entire sweep process from the moment of triggering. The diagram shows that 

il lakes approximately 800 nanoseconds before the sweep ramp IS triggered. 

ft is im,portanl 10 notice that the denection plate signal is a relalively low 
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positive voltage as long as the camera is nO[ sweeping. This positive voltage 

keeps the electron beam deflected upwards above the visible portion of the 

fluorescent- screen. If a constant light signal is present at the input, the elec- . 

Iron image. simply remains at one location and creates a large accumulation 

of electrons on the sereen This will ereate a large spot of IJght, and 
. 

although it is out of the visible part of the sereen, will eventually diffuse ioto 

. the visible part. This can cause non-linearities ln the_ top part of a streoak or 

simply generate background noise This demonstrates the importance of nOl 

having any input present for long periods of ume before the sweep occurs. 

• Following the trigger delay is the actual sweep ramp je "'oltage of 

this ramp varies from + 50 to -1100 volts. This negative voltage is directly 

/\ applied to the Jeflecting plates .to produce a downwards deflection force on 
-

the incoming electron beam. This will produce the lime resolved intensity 

variations of the input signal on the fluorescent sereen. ft is the slope of the 

s\yeep ramp which will dictale me rime resolutiGn of the output streak image. 

A 10 nanosecond sweep signal would display 10 percent of a 100 nanosccond 

input pulse over me same screen mûs increaslng the r~solution oCthe output 

signal. 

Following me sweep is a hold ume which lasts for,approximately 30 

microseconds This will keep the electron beam dcflected at the bonom of 

the sereen. This hold time is crucial because il is immediately followed by 

the retrace signal and no provision is made on the camera to tu rn off me 

electron beam intensity. Therefore the presence of any Iight at the camera 

inputs after the hold time causes a new streak to over-ride the old one but 

with muc~ more intensity since the retrace is slow. Any information is sub­

sequently lost and cannot be retrieved. This was not realized al first and 

required significant changes to the original design. On Iy after mis discovery 

was made did the input power problem really surface. ft was found mal a 

Il 
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Figure 5.2.4 Streak Tube complete sweep control 
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100 nanosecond slreak required mueh more laser input power than expectcd 

10 produce a 'deteetable image. This a1so meant that su ch a system cou Id nOl 

be utilized to extraet a 100 nanosecond window from an input signal with a 

duration of more lI1an 30' microseeonds. Ali of the aho\-c mentloned proh­

lems were related to the specifications of the streak camera system and had to 

be accou n ted for. 

The bigg~st design problem was the adjustment of the number of possi­

ble inputs to obtain the maximum number of recognizahle strcaks on the 

camera output sereen. The first step was to set a starting point to dctcrminc 

a practieal value for the number of inputs physically possible. This was 

partly controlled by the input optics and was thus ~et (0 16 channcls. The 

next step was (0 make sure mat these design spcc}fieations could bc met by 

the streak~<:amera outputs. 
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The first problem was to determine the width of each streak. Naturally, 

the narrower each streak the more input channels were availahle Fur-ther­

more the clispersion at the tips of the fibers creates a noise band -around each 

streak, and the smaller the noise band, the greater the crowding capability 

This could aIso increase the channel capacity of the system. 

To reduce the streak width would require that the fiber be smaller. The 

smaller the point source the thinner the streak. This could be achieved easily 

since there were many optical fiber types and single mode fibers offered very 

small diameters. Il was found, however, that the major dlfficully was not to 

be the fiber size hut a simple matter of input power to the camera 

For reasons of response speed, as weil as lov,. dispenion levels, laser 

diodes were the only choicc to act as the electrical/Qptical converters. The 
~ , 

response time was relatively low compared to the rest of the system 's capahil-

ities but was still adequate. The power output of these diodes however, \V~s 

minimal and the problem of fiber size became a question of getting as much 

of the laser light to enter the camera lenses as possible Compounding the 

problem was the low sensitivity of the photocathode ta the long wavelength 

laser light emitted by the laser diodes. The camera had its best sensitivity in 

the visible range, 400 to 500 nm, while most of the laser diodes operate in 

__ the 800 to 1000 nm range. 

The options left were to choose a large diameter fibcr which allowed 

more light into the camera. The larger diameter fibers were expecled to pro­

duce wider streaks -and hence reduce the total number of possible streaks. 

However, the tests showed that the streak widths on the phosphorescent 

sereen were reasonable and that a much more important limitation was the 

low digitizing resolution offered by the camera control unit. The streak 

widths seemed reasonable but the TV camera added its own restrictions . 
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The HAMAMATSU system used had a digitizing unit which oHerl'd a 

resolution of 64 pixels horizontally and 256 lines verticallY. Each pixL'l could 
"., 1 

have a value from 0 to 63, providing 64 levels of grey to encode thl' tntensity 

of each point on the screen. The mam restriction whlch emerged trom thcsc 

specifications was the low resolution in the horizonlal direclIon. mus intro 

duci~g a large quantization error. Ideally, if ail the streaks \Vere aligned per­

fectly~ith the TV camera and if each channel was one pixel wide v.Jlh onc 

pixel separation, theôsyslem could accomodate 32 channels Such possihili­

ties, however, arc very slim since the streaks mlght not ahl,.ays he aligned 

with a verucai window one pixel wide as ~hown in figure 5.2 5. If the streak 

was aJigned belWeen two windo\.\s, then the slreak wldth \\tould he IWO plxt:lS 

wide. This is the more reasonable siruauon and 15 cenamly a difficult situa­

tion to correct since it is directly controlled hy the TV camera dignization 

unit. 

Consequently a more practical value for the system 's capacity would be 

to account IWO pixels per channel and one pixel sepdration lor the noise 

guard band; one half pixel on each side. This would bnng the total numher 

of channels to 21, assuming that the noise band is small Jnd that adjacent 

channels can share the same noise window. For saler results It mlghl be 

desirable to keep one pixel wide of noise guard on cach side of the strrak to 

have a separation of two pixels. This would bring the tOlal input volume 10 a 

safe 16 channels. 

Il is possible lo think that if slronger laser sources were availahle, a 
~ . 

smaller diameter fiber could be used to oblain heHer streak width results and 

thus a higher capacity. However the -poor diguizing resolution in the hor­

izontal direction is just as much a slumbling block as the power coupllng. 

Digitizing systems with belter r:,esolu ti on , such as the one dcscribed in 

chapter four (256 x 256 pixels), are availablc but are àlso more expcnsive. 
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Figure 5.2.5 Resolution problem with respect to streak width . . 

H'l'gh powered raser diodes on the other hand are scarce especially for high 

speed operation and short wavelengths. 

5.3. Laser Diode Details 

5.3.1. Laser diodes for electro-optical coupling 

The system mentioned herein depends on the' presence of optical signal 

inputs to the streak.camera for recording purposes. There are (\vo ways to 

obtain such optical signaIs. They are either generated directly by the sensors 

o or are electrical ,~ignals which were converted into analog optical signaIs. 

The laser diodes are precisely the convertcr devices necessary for the latter 

operation . 

') 
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The requirements of these diodes are quile slringenl Firsl, they need to 

have a very fast response time due to the high ~cquency resJX>nse of the 

electrical signaIs. Second, the} have to have a hnear response bClWeen out­

put power and input biasing current Third, the linear hlasmg swing should 

be as large as ppssible 10 allow a good dynamlc range Fourth, the diodes 

should produce a lot of power over the linear swing . 
There exist two types of laser diodes: COnlinuous wave (CW) lasers and 

pulsed lasers. The CW lasers will outpul a constant hght whereas the pulse~t 

laser will only put out pulses of light whcn biased adequ3tcly The main 

_ difference between them is in the output and input JX>wer. The CW lasers 

only put out a few milliwans of power and require minimal inpul currenlS ( 

10's of milliamps). The pulsed lasers deliver watts of outpul power hut 

require amps of input current to trigger mc lasers. Due to the laser intensity 

modulation requ irements for the electrical/optical convertcr, the pulscd laser 

is not suitable for such use. 

5.3.2. Investigating CW laser operation 

There are a number of CW laser diodes produced hy many manufaclur­

ers. The main characteristics are: Sm ail size, low power output, small bi~s­

ing requirements and low dynamic rangc. Ali CW laser diodes also operate 

in the vicinity of 800-1000 nm wavelength, close to the infrared spectrum. 

A major difficulty in working with the lascr diodes was 10 direct the out-
• 

put light. For our purposes, the laser light had 10 he cou pied into an optical 

fiber which lead to the camera input lenses. It was found that becau~e of the 

camera's lack of sensitivity to infrared light, compounded with the low output 

power of the diode, mis laserlfiber coupling was of prime importance. 
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(a) 

(b) 

Figure 5.3.1 (a) Normal laser diode package. 

(b) Pigtail mounted laser diode. 
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The coupling was originally performed manually but failed to producet 

proper resuhs on the camera o.utput. This lead to the conclusion that the f'" 
, ~ 

laser diodes should be bought wi,!h a pigtail mount as shown in figure 

5.3.1(b). This provides the laser diode with optical fiber output. The 

manufacturers provide the proper coupling to maximizes the amount of laser 

power transmitted into the optical fiber and the c1aimed output power is the 

power~ available at the fiber. This makes a very big difference because more 

than 50% of the power from a laser diode can be lost in simple laser 

diode/fiber coupling. This brought u,P another very important consideration. 

These diodes are both very sensitive and very expensive ,devices, which 

makes a bad combination. 
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Apart from the low power output and restrictive bandwidth. the laser 

diodes also had a low dynamic range The OUlput power of the diode was 

only available over a small range of biasing currenl5 A typical OUlpUI 

response of a CW laser diode u~ed in the lests is shown in ligure 5.J.2. The 

curve\is characlerized by a threshold current and a maxImum currCnl 

allowed through the diode. The threshold currenl is me mmimum currenl 

necessary to trigger the diode into producmg laser light The differencc 

between the two currenl5 is the working biaslng swing, which is nOI neces­

sarily linear. The linear swing generally stans a liule ahove threshold and 

stops earlier than the maximum allowablc currenl. ,Such sruall lint!ar swings 

offer small dynamic ranges reducing the quality of the conversion process. 

o t 
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Figure 5.3.2 Output response of a CW laser diode 

Moreover, for the diode to operate as a converter, ail inputs have to he 

higher than the threshold level. Consequently, a DC bias is necessary on 

-

\ 
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each diode in order to hold it 'Just helow threshold. Nevenheless there will 

he a range of inputs for which there is a non-Iinear output response. 5mall 

signais will have most of the information concentrated in the non-linear 

region whereas for large 'Signais, which seldom cross the region, the distor- -
1 • 

tion is minimaL 1 

There are two w~ys to overeo~~ the distortion problem The first, is to 
1 1 

make sur.e that all inputs _ ~~n )he entire full :cale swmg so that the non-

Iinearities in the eonrerted signais e insignificant. The second solution is 

te bias the diode aboI. eshold, just below the linear region H owever, " 

this would produce a constant low intensity output on the top part of the 

fluorescent sereen and eventually produce noise by diffusion on the visible 

sereen. This option is easier to work with but might create a pioblem with 

the picture signaI/noise rauo 

F?r similar reasons, such converters can never be used for bipolar 

operation with the above mentioned camera system. Bipolar operation would 

be possible by simply biasing the laser diode in the middle of its Iinear range. 

Any negative input would bias the diode doser to the threshold and thus emit 

less power. Such bipolar operauon would produce even more noise than the 

previous ease sinee the constant DC bias would be a much stronger optical 

input and hence diffuse much more noise in the visible sereen. 
\ 

At present, th-e major problem with the CW laser diode converters is the 

power limitation-of the devices. This is one area where technological pro­

gress can eventually provide a bener solution (36,40) , 

• • 

/ 
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5.3.3. Experimental rt'sults of system linearity 

A number of experiments were performed~testing many variahles in th~ 
-, 

quest for a linear streak with an acceptable width and a good signal to noise 

ratio. A number of fiber types were used, ranging from single mode ta mul­

timode core and finally ta large 80 micron graded index fibcr The main 

goal of all these experiments was ta get a plot of the laser diode's linearity 

over its input range. However, to obtain such results the diodes had 10 pro­

duce a reasonable streak quality on the screen. 

The biggest problem w~s the lack of po~er received at the mput of the 

camera, due ta inadequate fiber/diode alignment. The laser diode power 

could nOl be IOcreased and since there were no speclallzed alig;mcnt facili­

ties available, the diode was sent to Northcrn Telecom for Installation of a 

pigtail mount. The results were good, with excellent width characteristics and 

a fair signal ta noise ratio. Sorne extra power would have been preferable 

though. The mounting structure failed after a few tests and the actual exper­

iments were donc with the Li)ser beam coupled directly IOta the camera 

The results of the Iinearity test are shown in figure 5 3 J, shov.ing the 

intensity variations of a constant input for input currents ranging through its Q 

effective range. The rêsults show that eVen though the thresryold current was 

50 mA for the specifie diode, the hnear region only siartS at 52 mA. The 

Hnear range lasts up to 58 mA after whieh saturation is c1early noticeahle. 

Fig~re 5.3.4 shows the effects oof smaller eurrent variations on a short 

duration pulse over the linear range of the laser diode. These results show 
\ 

with more detail the effeet of the degradation of the signal as the threshold 

level is approaehed and that any signal level between threshold (50 mA in 

this case) and the beginning of the hnear region produces negligible outputs. 

ft also shows the sudden saturation of the laser output after ,58 mA. Figure 
" 
5.3.3 was aimed at gening a broad view of the laser diode response over the 
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Figure 5.3.3 Linearity test for a constant input 
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entire range, whereas figure 5.3.4 was aimed at getting a bener sensitivity 

measurement within the dlode's Iinear range (52 'to 58 mA) 

What these figures do not show IS the quality of the streak for each 

waveform. In general, ~II slreaks were done with certain output norms. 

This Included the requirement of the streaks LO be within IWO p,ixel \\idths, 

and not more than one pixel width of noise on either side The actual signal 

to noise ratio obtained can be observed by comparing the signal levels with 

the background noise lcvel shown as the bonom straight line on me graphs of 

figure 5.3.3 and 5.304 The streaks were generally one pixel wlde, but the 

,camera digitizaùon forced the reservation of IWO pixel windows 10 account for 

misalignments _ Ali streaks had no problem in being contined within two 

pixel windows. Considering mat the input power to the camera was in the 

vicinily of 5 mWatlS, laser diodes with power levels of 10 mWatlS would 

.. 
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Figure 5.3.4 Laser diode Lmear swing, 52 to 58 mA 

ensure very stable conditIons. 
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The last test performed was to measure the temporal lineanty of the 

streaks, 10 verify the linearity of the streak ~rne axis Il should he kept in 

,mind thal ail the graphs shown here contain the results- of a numhcr of 

independent streaks. Ali waveforms ~ere separately ohtained from the streak 

camera, transferred and saved on the IBM-XT computer and !.lIer plotted by 

~verlaying aIi the different waveforms on one graph 

The sarne method was used to produce the graph of figure 5 3.5 which 

represenlS four different streaks of tht' same pulse delayed hy differenr times. 

The delays were 2, 4, 8, and 16 nanoseconds which were produced using 

the HAMAMATSU delay Unit. The distance betwcen the edgcs of the pulse al 

various delays IS conSistent Wlth the dlffercnce in Lime bctween them The 

delays are doubled each lime and 50 does the separation belWecn them. The 

.... -
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pulse was not delayed any furtlÎt'r because of the unit limitation. 
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Figure 5.3.5 Test for temporal Iineariry of a streak. 
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Following ail these tests of the laser diodes, an unsuspected problem 

arose which is so far still unresolved. As mentioned earlier, Lhese laser 

diodes are quile sensitive and expensive devices. ThIs is especially critical 

considering mal these devices will be very close to me experiment sensors 

and consequently close 10 a harsh environ ment It is Lherefore possible mal 

dangerous noise signais might be induced in th~ electrical transmission lines 

leading from the sensors 10 the conveners. yfi'IS makes il es~ential 10 incor­

porate an overdrive protection inlo the converter circuits lO prevent per-
I manent damage 10 the laser diodes. If not for conveniance purposes then 

surely for economical reasons. 

The problem is that any form of current or voltage limiting circuitry is 

incapable of operating al such high frequencies. Very few active devices 

1Io.o.-_ .............. ---...._ ........... _____ ~ __________________ ~~ __ ~ _____ ~ 



o 

1 

5. Trans:tnt Rtcordt~ Procorypt 102 

operate al GH z frequencles and if tht!y do, are, prohably as delicalc as the 

laser diodes themselves Although sorne advanccs have becn made ln high 

speed voltage IImllingl351
, il remains a serious problem in the de\elopment of 

a functional electro-opucal converter 

504. Summary of Results 

From the design and construction work mvolved with thlS prolotypt: high 

speed data recorder, the foltowing conclusion were drawn 

Firsl, because of the streak camera \Vas designed withoul any automatic 

intensity cUloff system during retrace, it IS Impossihle to mcasure any cvent 

or signal WhlCh lasts longer than 30 microscconds. 

Second, laser diodes \VIth output powers of 10 mW are necessary to pro­

duce proper signal/noise ratio slreaks This output power should be available 

at the output of the optical fiber and consequently recommends thal the laser 

diodes be bought wlth manufaclurer installed pigtall mounts 

Third, the mput opties of the streak camera had to he changed to allow 

for a grealer numhcr of fibers ta he courled into the camera lens The low 
> 

resolution of the digiuzcd Image also forced the channel \\Idth lO he rclatively 

wide, for security reasons, thus limiting the numbcr of possible number of 

channels 10 16-20. 

Four, the photocathode in the stf\1!ak tube should be changed lO be more 

sensitive 10 long wavelengths, since mOSl laser diodes emit in the 800 10 1000 

nano-meter range Ils present sensitivity is best for visible light and is poor 

al the,se infrared frequencies. 

Five, the dynamic range of laser diodes, although fairly Iinear, is 
c 

somewhat small and the response speed is 100 low. These diodes are 
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sensitive, expensivc and very diffieuh to protee,!;.. It adds up to an expensive 

solution for marginaJ results. The mo~ important priorities are then, the 

increase in response speed, dynamlc range and output power. 

Six, the streak camera system is easily operated as a stand alone system 

and can be easily intérfaeed 10 a small personal computer for data storage 

and displaying 

ln gent:ral, the syslem is feaslblc for reproduction on a small scale for 

high performance data acquisition. Il does however require the assistance of 

many- new components which might nOI yet have reached their full develop­

ment. The rate of technological advance is certain to develop lhese necessary 

components Il is only a question of time for this system to become one of 

the best high performance instruments for high speed multi channel transient 

recording. 

-
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This thesis has presemed a new alternative for the growing needs of 

high speed transient data recording. The new instrument has been shown to 

be capable of performance levels surpassing ail other known techniques, and 

can offer these performances al multi channel level, within reasonable 

economic constraims. At the present state, the system requires a number of 

details to be refined, but as soon as the necessary hard\\tare becomes avail­

able, through technologicaJ advances, it will become an extremely powerful 

data acquisition instrument. It's potential for high spced data recording is 

big enough to keep it in existence for a very long time. 

Improved Operation in Harsh En\'ironments 

A major problem for any high speed data recording instrument is the 

environment in which it has to work. The new system was shown to be 

capable of perfectly integrating the high bandwidth and high noise immunity 

requirements of short durauon, high energy experiments. The atJility 10 

- -directly record incoming diagnostic signais in an optical form, allows the use 

of optical fibers for signal transmissIOn. This solves the two problems of 

bandwidth and noise immunity simultaneously. In the firsl case, optical 

fibers offer low transmission losses and high channel bandwidths allowing 
, 

the efficient transmission of weak diagnostic ·signals. In the second case, the 

photonic medium of the signal renders these diagnostic signais highly 
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immune against any lever of electromagnetic interference. 

Other advantages associated with optical signal transmissÎon and record-. ' 

ing are; [lJ the reduction in shielding costs for the transmission lines, [2J 

the "improved isolation of the diagnostics equipment through bener ground 

loop protection, and [3J a reduction in the number of medium conversions, 

electricaJ/optical and vice versa, thus minimizing any performance limitations 

originating from extra complex circuitry. 

The Limitations of Conventional AlD Conversion Techniques 

The increase in complexity of new high energy experiments oflen 

requires data anaJysis which would be impossible without the aid of sophisti­

cated computer programs. Consequently, there is an unquestionable neces­

sity for efficient digital signal recording methods. Photographie methods 

were until now the only way of obtaming results from ultra fast data record-

ers. 

The necessity for analog-to-digital conversion is indisputable The 

problem is to find a method wh,ieh will allow the digitization of eXlremely 

high frequency transient signaJs. This thesis has shown the potential of both 

direct and indirect digitizing methods and concluded that the only solution lO 

future high speed digitization lies in various indirect methods. 

Direcl A/D mcthods are based on conventional approaches of sampling 

and digitizing the input signal in reaJ time. It was found mal although 

conversion times can be aecelerated considerably, al me expense of power, 

the sampling circuits are incapable of providing short enough sampling limes 
" 

" to 'satisfy me sampling theory requiremenls. Thesc sampling circuits will 

a1ways be directJy handicapped by the technological speed barriers since me 

limitations are directJy controlled by the transistor switching times, and con­

sequentJy offer IinJe potential for significant improvemenLS. 
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Indirect methods are based on an approach which temporarily stores the 

signal and retrieves it at a later time for digitization. The biggest problcm 

with this method is to find a storage medium which allows analog signal 

storage, w.ith a reasonable storage time, and moSl important with a fast writ­

ing capability. Charge-coupled-devices and 'Other analog memories were 

invesugated, but they are also limited by the inadequate response lime of the 

sampling circuits. 

Indirect Conversion Methods for High Speed Data Recording , 

The solution for a high speed multi c~ transient recording system, 

as described in chapters 4 and 5, is a form of the indirect digitization method 

and makes use of a commercial instrument, called the streak camera. The 

first and foremost characteristic of this system is its ultra fast wriling speed 

capability. The secret to its potenlial success is its temporary storage 

medium, which in mis case can be a phosphorescent screen or an array of 

charge-coupled-devices (CCD). The combination of these IWo distinctive 

features enables the system to record events at remarkably high speeds, and 

store the information for a relatively long time. This information can subsc:,.. 

quently be retrieved at a rate which allows for accurate A/D conversion. 

Although direct A/D conversion methods are not best suitcd for the 

development of ultra fast transient rccording systems, they play an important . 
role in the transient ·digilization. Once the signal is in temporary storage, 

fast A/D conversion facilities are still required. Any <!~velopments in that 

direction would then represent the ability to digitize the streak images with 

better accuracy and resolution, which directly translate into better frequcncy 

response. 

• 
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The streak tube itself has a multi GHz bandwidth (> 10 GHz) and a 

dynamic range in excess of 200, limited only by the interfacing equipment 

which makes up the reSI of the system. The fundamental principle has enor­

mous potemial, protccting il from the risks of early obsolescence due to a too 

rapid achievemenl of ilS full capability. ·Il is aJways good to know that a cer­

tain instrument will be in use for many years. Presently, the system can only 

be exploited al a minimal level. As technology in opticaJ electronics evolves, 

however, this data recording system can take full advantage of any advance­

ments to increase its performance level. 

The oscilloscope is the only instrument that can be used for any form of 

comparison, and the preliminary performance results indicate drastic 

improvements for data acquisition system designs. Such improvements are: 

[1] A 6~1 reduction in cost per channel of highSpeed data rec,ording. 

12) A 10: 1 reduction in space utilization. 
'\ 
[J) A reduction in power consumption excceding 20: 1.. 

(4) A drastic impro~ement in installation ùme and cost also exceedi.ng 20: 1. 

Ali these features are essential for the economical and technical feasibil­

_il)' _of larger and more complex data acquisition system designs, and this 

instrument is a step lowards a break through in "high speed data recording . 

.. 
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