FROM IRIG TO MICRO-TRACK

THE EVOLUTION OF MULTI-TRACK DATA RECORDING

Edwin Kayes

Penny & Giles Data Systems
The Mill, Wookey Hole, Wells, BA5 1BB, England

ABSTRACT

This paperdiscusses practical examples ohigh capacity multi-track linear recording
technigue known as Micro-track Recordisgpwing how itperformance and capabilitiésave
evolved from its inception as @pacity up-grade for open-reel IRIG recorderstgause in a
range of advanceD-1 cassette-based storage products. The technology ahkaasy over 5
Terabits of digital information to be stored on a single 25.4 mm x 5,500 m (1 in x 18,000 ft) open
reel at sustained user rates in excess of 1 Gbits/sec. Developmemiwedkat increasing the
capacity per reel to 50 Terabitssing metal particulatdape andthin film headstacks islso
discussed.

INTRODUCTION

The science of magnetic tape recording is all about storing more and more information into
smaller and smaller volumes. It is a gamee@ipetual leapfrog. First, improvements in media -
generally driven bythe insatiable video market are capitalized upon bydata recorder
manufacturers. Then breakthroughs in head or trandpeign prompfurther improvements in
media. High coercivity tapes support narrower and more densely pad@udingtracks;
thinner tapes mean greater volumetric efficiency.

Linear (or longitudinalyecorders have takefull advantage of this process. As media
formulationshaveimproved overthe years, the in-tragkacking densities of conventional 25.4
mm (1 in} IRIG? recorders havasen from 0.197 to 1.3 kbits/mm (5 to 33.3 kbitsémd more
recently to 2.2 kbits/mm (56 kbits/in) Meanwhiletrack densitieshave increaseftom fourteen
1,270 um (50 nfl) tracks to twenty-eight 635 um (28il) and then forty-two 483 um (18il)
tracks. In consequence, argakking densitiebaverisen from 0.11 to 3.65 kbits/nfn{70 to
2,352 kbits/if).

In 1972 Penny 8Giles DataSystemgqthen part ofThorn EMI) wasthe first company to
develop transports witlhe tapeguidance accuracies necessary for reliable forty-tv@ck

lHistorically most standards for data recorders and media have been based on Imperial units. Conversions where
given are approximate.
2Inter-Range Instrumentation Group.
SWithin this paper the term 'bits/mm’ (or inch) is synonymous with ‘flux changes/mm’ (or inch). There are digital
i:oding schemes such as the Penny & Giles 3PM system where one flux change can represent more than one bit.

1 mil = 0.001 in.



Figure 1. SIRIUS
recorder.

operation. The company maintains a substantial commitment to the
IRIG standards anthe currentSIRIUSrange demonstrates clearly
the high levels ofperformance whiclcan now be achievedvith
‘conventional’ multi-track technologySIRIUS (Figure 1)features
high precisiontape guidance andensioning, a long-life brushless
capstan motor controlled by an adaptive capstan servohjghs
stability data electronics andgorogrammable equalization. Up to
forty-two tracks of 4 MHz (direct) or MHz (FM) can be recorded
with excellent timebase accuracies arsignal fidelity. Flexible
digital formatting options support rates up to 144 Mbits/sec. But as
requirements for seamleskata capture, computanalysis and
archiving solutions intensify, it haseen necessary tiind even
more innovative ways of increasimgpacity, throughput and cost
effectiveness.

MICRO-TRACK RECORDING

The term micro-track recording is used to describe 24.5 mm
and 19 mm multi-track linear recording formats which treek

widths narrowethan 200 um (8nil). Two sub-divisionexist at present. One known kBl °
recording is based on 24.5 mm open-tepledrives and is usedimost exclusively within the
radio astronomy community. Thatherusingthe standard 19 mm-1 cassette is found in a
range of proprietary units intended for general data recording applications.

In both casegroups of narrowracks are recorded iparallel alongthe tape(Figure 2).
Maximum in-track packing densitieare typically in the range 1.3 - 2.2 kbits/mm giresent
while atrack rate of 18vibits/sec is used on high-speed open-reel systemanakomizeareal
density, data iswritten as two or more end-to-end passeshaf tape, the headstadeing
incremented laterally witeachchange of direction. Totalatathroughput is dependent on the

number of tracks used.

5Very Long Baseline Interferometry.



Figure 2. Micro-track recording.

MECHANICAL CONSIDERATIONS

Figure 3 shows atandardvLBI 36-track 1 inch micro-track headstack mounted on its
precisionactuator. The assembly is designed fasyfield replacement without specitdoling.
Recording and (more importantlyg@ading narrowtrack requiresaccurate andonsistenttape
guidance. Her¢he tight slitting tolerance of current video tapes is of considerable assistance,
allowing repeatability to better thai- 4 um(0.16 mil) to beachieved without difficulty on the
SIRIUStransport.

Correct lateralpositioning ofthe headstacks isiore critical. Inthe case of open-reel
formats where 38 um (1rhil) trackwidthsand up to sixteen separagzording passes may be
used, it is essentidhat therecording headstack be positioned accuratélyis isachieved by a
conventionalLVDT servo loop. When thesametrack group is to be replayedthe headstack is
first moved tothe nominal lateral position toead heademformation fromthe tapewhich is
used to verifythat the correct traclgroup hasbeen located. Residual write/readrack
positioning errors cathen be removed both statically adyhamically by a 'dither' servo which
movesthe headstackmallamounts to peak ughe output of a reference tracHhe necessary
electronics are housed INVAME chassis withirthe SIRIUSunit (Figure 4). Where more than
one headstack is useghch is capable of independembvement. Orthe D-1 cassette formats,
slightly wider tracksare usedvith mechanical dimensiorsnd tolerances chosen to guarantee
peak output without this fine tuning process.



Figure 3. SIRIUS precision plate showing brushless capstan motor,
actuators, LVDTs and two headstacks (one removed).

A

Figure 4. VLBI headstack movement.



TERABIT STORAGE - FIRST APPLICATIONS

The origins of narrow trackdata recordingcan be traced to a neeuthin the radio
astronomy community to increase the capacity of 25.4 mm x 2,830 m (1 in x 9,200 ft) tapes used
to record data captured lgdio telescopes. A technique used by astronomers and known as
Very Long Baselinelnterferometry (VLBI) involves transporting thidata in considerable
volumes to central sites for correlation to prodimagesand othetinformation on distant radio
sources (Figure 5). Thdriving force at thetime (the early 1980sjvas essentially economic.
There were already more than fifty field systems based on conventional 28-track IRIG transports
recording digital data at up to 256 Mbits/sec for observation pelastisgdays or even weeks.

The cost of buying and shipping tapes was enormous.

MIT Haystack Observatory near Boston, funded N¥&SA to support thegeodetic
applications of VLBI,calculated that if the capacity of eael could be increased byfactor
of ten, this could be translated to savings of hundreds of thousands of dollars in annual operating
costs. To achieve thifhe engineers at Haystack proposheé use of a formawith a 38 um
track width, writing twelve separate passes of 28 data tracks each. wideern® requirement at
thetime to increase throughput so recording duraéind tapeconsumption could be improved
by more tharl0O:1 immediately. The change was intended as a bolt-on upgradleetasting
recorders and reproducers (designated the MKIlI-to-MKIIIA format upgrade).

Figure 5. Data recorded on tape at up to twenty radio telescope sites is transported to a
correlator facility for processing.

The MKIIIA upgrade was duly developed bjaystack and integrated across therld.
Standard MKIlIAtapespeeds are 3,429 and 6,8%8n/sec (135 and 270 in/sec) apacking
density of 1.3 kbits/mm (33.3 kbits/in). Thkapacity of the 2,830 m reel approximately 1.3
Terabits (compared witthe 100Ghit figure achievedwith the 28-trackiRIG format). The
standard MKIIIA headstack has 36 tracks (28 data, 4 system and 4 spare).



INCREASED CAPACITY AND THROUGHPUT - VLBA

Around 1993,the MKIIIA conceptwas developed further to support another radio
astronomy program known &se Very Long Baseline Array (VLBA), a@edicated US network
of sixteen telescopespanning a line from Hawaii tthe Virgin Islands. Fromthe recording
standpoint, themprovements ohote are that thenaximumtape speedavas increased to 12.6
m/sec (320 ips) raising the maximum data transfer rate to 512 Mbits/sec (Figure 6). The number
of passes was increased from twelve to sixteen, incretdsngapacity of the 2,830 m reel to
more than 1.5 Terabits. Ale same time a 'thitape' capability was addedlowing 5,500 m
(18,000 ft) tapes to be useathublingthe capacity per reel to Berabits. Thirty-two tracks are
used in the VLBA implementation.

GIGABIT RECORDING

Under acontractfrom the Joint Institute foVLBI in Europe(JIVE) Penny &Giles Data
Systems has developed/aBI micro-track recorder/reproducer on whi¢he throughput of the
basic MKIIIA/VLBA formats hasbeen increased to 1 Gbits/sec withtags of compatibility
with existing operating modes (Figure 6)his has been achieved laylding asecond headstack
to givesixty-four data tracks irall. At the same timethe per-trackpacking density habeen
increased from 1.&bits/mm to 2.2 kbits/mm (33.3 to 56 kbits/iahd the data ratéom 9
Mbits/sec to 18 Mbits/sec. Penny@iles wasselected fotthis projectfollowing the successful
installation of a VLBA/MKIIIA system athe Max Planck Institute fdRadio Astronomy, Bonn
in 1992 and a subsequent demonstration ofapehandlingcharacteristics ats latestSIRIUS
recorder on which the development has been based.

Note that the track width of the new system - designated MKIV - is the same as before, the
major technical advances concernthg ability to crossplayapesreliably atthe higher packing
density and channel rate. When two heads are in use, the maximum number of passes is reduced
from sixteen to eighbut the increased linegacking raiseshe capacity of a 5,500 m reel to
over 5 Terabits. Th®IKIV design allowsfor the addition of @hird and fourth headstack and
additional electronic channels txtend the usedata rate beyond @Gbits/sec (the proposed
MKIVA format).

1975 1985 1993 1995 1996
Format MKIII MKIIIA VLBA MKIV MKIVA
Mbits/sec (max.) 256 256 512 1024 2048
Data Tracks 28 28 32 64 128
Packing Density (kbits/in) 33.3 33.3 33.3 56 56
Tape Length (ft) 9,200 9,200 18,000 18,000 18,00(
Capacity per Reel 0.1 1.3 3.0 5.0 5.0
(Terabits)

Figure 6. Evolution of VLBI recording formats.

FROM VLBI TO A GENERAL PURPOSE PRODUCT




Clearly, micro-track recording has much to offer in terms of throughput and capacity, but
radio astronomers have one advantage twerrest of the dataecording world (with the
possibleexception of thaisers of sonar systems). Radio sources eimtt is effectively white
noise, so a few lost or corrupted bits here and there are not a problei8IRTUSVLBI MKIV
recorder demonstrates parity error rakgscally better than 1 x 10-5 - around two orders of
magnitudebetter than that necessary frccessful correlation. Eveo, this figure is several
orders of magnitude belothat required bymany other applications, so wh@enny & Giles
Data Systemsdecided to usé@s micro-trackexperience as thkeasis of a general purpodata
recorder some changes to the detailed implementation were required. It was also decided to take
advantage of the convenience of large-format cassettes.

The new system, calle®EGASUS usesthe 19 mm D-1(L) cassettdheing readily
available from a number of international sources (Figure PEGASUSheadstacks are
essentially similar tehose used
for VLBI, the main difference
being that the tracks are
approximately five times wider
for improved output andess
reliance on precise tape
guidance for guaranteedata
interchange. A balance
between datahroughput and
areal density has been achieved
by recording with a pair of
interleaved 20-track headstacks
(Figure 8). Limiting the
number of passes to two
initially permits a simplehead
movement mechanism to be
used and the wider tracks make
the dynamic ‘track following'
described earlier unnecessary.
Two additional issuesarise
concerning one of our key
markets - satellite remote
sensing. Usergequire both
real-time off-tape  data
validation andthe ability to
reproduce data in botiorward
and reverse directions. The
first is satisfied by flanking the

_ e interleaved reproduce
Figure 7. PEGASUS D1 Micro-trackdigital cassette phegdstackswith two pairs of
recorder. similar record headstacks. The

format accommodates the bi-
directional play feature simply by selecting the required direction of tape movement.
The othemajor departurdrom the VLBI implementations discussed earl@wncerns the
way thetape ismoved. VLBldata is recorded continuously in thenventional IRIG way in



that there are only a small number of fixdata rates taonsider and so a few fixadpespeeds

can coverall operating modes. However, for acoeder to be easy to integrate and use in
general applications it is essentihht it should be able toperate without adjustment over a
wide range ofdata rates. The solutionadopted forPEGASUSIs to record and reproduce
incrementally (as a series of ramp up/write to tape/ramp down sequeusiag);aninternal

buffer to smooth out differences between the recorder’s fixed internal write/read clock and user's
continuous (or intermittent) data rate.

Figure 8. PEGASUS headstacks.

Incremental recording has other important advantages. It is not necessaryhe tape
in anticipation of data being received at the input. Hand-shaking lines can be used tahertsure
recording only starts when valithta is received at theput. This in turnavoids unnecessary
head-wearallowing the life of micro-trackheads typically t@exceed 8,00Gours. Also, since
writing and readingtake place at aingle fixed tape speed, there are none of ttagitional
speed-related equalizer circuits to calibratesifgle D1(L) cassetténolds up to 240 Gbits of
user data regardless of user input rate. Future madeldouble thiscapacity byincreasing the
number of passes from two to four.

Three versions othe Penny &Giles PEGASUSrecorder have been released to-date..
PEGASUS 10@ecords sustainedata rates up t€00 Mbits/sec and is intended for aerospace,
sonar, electronic warfare asdnilar highrate data capture@nalysisand archiving applications.
PEGASUS 116 the only large format cassette recorder designed specifically for reemsiag
applications. This unit supportsall current and planneplatforms up to a maximumate of 110
Mbits/sec and includes a bi-directional replay capability as stand@EGASUS 64s an entry
level variant which records up to 64 Mbits/sec dild the gap between'high-end' S-VHS
products andhigh ratelarge format products. Further detailstb& application and interfacing
of PEGASUSan be found in Reference [1].



THE WAY FORWARD - 50 TERABITS ON A SINGLE REEL?

While the design ofthe VLBI MKIV allows for the deployment of twaadditional
headstacks to raighe userdata ratefrom 1 to 2 Gbits/sec (witthe same total capacity), it
seems that it may be possible to extend both throughput and capacity still fisitiggnagneto-
resistive (MR) heads made with tHilm technology. As with earlieidvances, thesatriguing
possibilities result fronflundamental advances in other areas. Experimesimg MRheads to
reproduce waveforms recorded by tfilm and metal-in-gap heads on a metal particulatee
have indicated that it is possible to achieve excefigmal-noise ratios wittracks as narrow as
3.8 um (0.15mil) - just one-tenth of the curren¥LBI design. Thetape currently under
investigation is designated/-VHS with a formulation popularly known aglP++. The tape
delivers an output 6-8 dB higher thaisd&/HStape and it is projected thatnitay be possible to
record and reproduce wavelengths as shortldst§/mm (152 kbits/in) about thredimes the
MKIV standard.

Clearly, usingtracks of thesavidths presentsignificant challenges ithe tapeguidance
and trackregistration areas, and workas-going to establiskuitable operating strategies and
techniques. Eveno,theimplications of this reearch aresignificant particularly as it may be
possible tareduce the traclidth to as little as 0.5im. Taken together, a ten-fold increase in
lateral trackdensity and @rebling of linear packing density me#mat it is not unreasonable to
think of storing 50 oeven 100 Terabits ithe volume of a 25.4 x 355.6 mm rees$ing linear
recording in due course.
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