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HIGH DENSITY DISK DRIVE TECHENQLOGY ‘A7/7;7

Potating storage devices have traditionally occupied a niche to
themselves by providing low cost storage of large amournts of cata.
Slow access timgs always characterize this area of storage. This
is ig contrast to the core and semicoﬂductor memﬁries which feature
fast access but at high cost. With disk or drum memories, large
amounts of data can be made readily available to the computer as
"on line" storage. |

During the past twenty years of disk drive development, tﬁe

cost per stored bit has gone down considerably while the amownt of
stored information per machine has greatly increased. The earliest
disk drives used 24 inch fixed disk arrays with hydraulic accessing
mechanisms. These were usually for large size éomputers. Their
physical size usually precluded their use with small office
computers. |

With the invention of the removable 14 incﬁ disk and disk assemﬁlies,
a new market was opened up providing disk drives to the small
computer user. These disk packs could be removed and stored at will.
Programs were written to call for a certain pack or packs to be
installed to complete the job at hand;s The concept of a resident
computer program further increased the use of disk files.

The capacity of disk files increased with each new technology step.
In order to perﬁit these technélogy steps, improvments needed to be
made to the disk surface fiﬁish, the magnetic coafiﬁg materials,
the air bearing or air lubricated head construction, the read/write
head pogitioning mechanism and associated electronics, inéluding

the logic family, used to control each machine function and many

1.
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—‘Sghef areas. Each new improvement required finer'folerancing
of most parts‘associatéd with the disk drive mechanisms.
Higher storage densities are usually achieved by increasing tﬁé
radial track density and the circumferential bit density.
Increasing the track density has been a problem largely contrclied
by the tolerance buil& up of the mechanical parts associated
with thé disk drive spindle béaring system and the access mechanism.
With the invention and successful iﬁplementation of a track
following servo system, further increases in'track density were
possible until the tolerance build up associated with pack inter-
change forced the designers back to the concept of fixed disk
storage again. By now, the amount of storage per disk drive and
the present requirement to have all data on line to the computer
at all times has reduced the need for pack interchange thus making
possible still furthér inCreaSes in track density. Track densities
have been increased from aboﬁt 20 tracks per centimeter to a #résent
value of igg'tracks per centimeter. DeQelcpments presently underway
in track following techniques involve the individual addressed
head with staggered servo data and read-write data. This may
eliminate these last barriers and permit removable packs on very
high density machines.. |
Circumferential bit density increases usually require reductions in
magnetic head to disk surface spacings. These changes have not come
easily as the finisg or flatness of the disk surface must be
i#proved with each decrease. The magnetic oxide coating materials

must change along with the size and shape of each magnetic oxide
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particle'." On early disk drives the air bearing fo_rz_.gegberd,een

the magnetic head and the disk sur-ace was ccntrolled by forcing

compressed air between the two surfaces., An inventive application

of air lubricatlon n principles provided the he present self lubricated
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head air bearing. Typlcal spaclngs started out at around 12 microns.
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Today the head to disk Spaczﬂg 15 around a half micren. The gap
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between the magnetlc pole pleces of ‘the head have also been reduced

to permit closer bit spacing. Values presently used are arownd
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1 micron. The materlals used to make the head pole pleces have
e e e —— =

changed from permalloy to ferrltes because of the lncreased

frequencies involved in record and read back functions.

e e — S,

Requirements for increased logic speed have brought their own
family of improvements. These ranée from the vacuum tube or valve,
through'transistors to the present specialized integrated circuits.
Typical data speeds have gone from 1 bit per 100 microseccnds to a

present 1 bit in one tenth of a microsecond. Storage capacities

have changed from cne million bytes per machine to over 300 million.

These rapid improvements and increases in capacity will continue
for at least another decade. There are designs on che drawing |
boards of several manufacturers that will permit a four to eight
fold increase in capacity within the next two years with no real
end in sight. For each llmltlng factor new technologles have been
invented. For example, as track densities increase, the width of

a track decreases. The head materials presently used have a graln

51ze equal to the track width of the next generation d;sk ggayes.
I :

Already ‘many firms are working on thin film heads. These heads

are made by depositing thin films of magnetic metals or alloys to
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Competition

dimensions far smaller than the grain size of the best ferritss.

The disk coating materials, which presently consist of tiny

particles of ferric oxide bonded in an epoxy resin layer of about

one micron thickness, will be-replaced with thin films vacuum

deposited on the disk at thicknesses épproaching 50 thouséndths of

a micron or 5 X 10 ° meters.

Tremendous improvements hgve been made in the codes used to transmit -
the data. Error detection and error correction codes permit accuraxs
data even with disk defects encompassing more than a whole byte‘of
data in a record. Concepts have noQ been developed which permit a
disk surface defect to be skipped during the write process. Iurther
improvements in addressing will permit'many such defects to be
transparent to the user.

The extension of disk drives as low cost, high density storage
devices is expected to continue for many yearé to come. Magnetic

recording requires low energy per bit to write and takes a short

time to write. There is a lower limit to the time needed to write

a bit. It is controlled by the domain switching time of the disk

coating material. For ferfic oxide films this is about 50 nano-

seconds or about half the present bit spacing time. Transmission

speed is therefore limited to 20 million bits per second. The

actual density of the recording for both track density and

‘circumferential density is limited only by the magnetic domain

size. This limit will not be reached for many years.

Competing technologies are electron beam, holographic, semi-

‘conductor RAM, charge coupled devices, and bubble memories. Of

these, holographic and thermal electron beam memories are slow

writers. Certain dyes permit write, read and rewrite capability

l 4,



Future

for holographic memories but most are read only devices. The
same limitation to read only after an initial write is true of

thermal electron beam memories. Their usefulness is limited

. to large library storage such as legal cases or cburt histories

whére the data does not need to change over many years. Bubble
memories, charge coupled devicés, semiconductor;electron beam
and semiconductor MOS and bipolar RAM will compet; and rerplace
core memories or fixed head per track machines within the next
few years but they cannot replace the large capacity disk drive
without a more than tenfold decrea#e.in cost and a more than
doubling of the gorld's semiconductor capacity. Such is not
likely within ten years.

I suppose this is the hardest part to summarize. Since there is
easily an eight to tenfold increase in cﬁpacity presently
available within the current techﬁology, one might suppose fﬁrther
technological chaﬁges gight produce another decade increase in »
capacity. The amount of data available in a single disk drive

could well become 30 thousand million bytes by 1990. Thru put is

limited to 20 million bits per second or 2.5 million bytes per

second because of the magnetic domain switching time limitation.

This may well equal the best channel acceptance times of the next
generation of computers. Byte size may be increased which will

reduce the cycle time per byte. Interleaved by byte records can

double circumferential density without increasing channel speeds.

Staging devices may be employed to buffer the disk data and the

channel.

Presently a storage control unit is required for a group of drives.



Conclusions

T - .- :
This storage control unit has its own microprocessor constructed

of discrete logic blocks. It is controlled by a resident |
microprograr that bérforms all the housekeeping functions for a

large number of drives. Future drives may each have their own

microprocessor. Each drive may then be tailored to a specific‘

storage function by means of its own micrccrogram. Many tasks

presently performed by the controller or even the main computer

can now be delegated to an integrated drive. Processing of data
for storage is an easy task for such a drive. Processing the

data prior to transmittal to the main computer is an easy step,-
particularly if we have individualized disk drives that are
tailored by a particular nmicroprogram. Combinations of disk drive

and mass tape systems are currently available. Their future

usage may well place a company or government in real time control

of its resources or records.

Disk driveé offer lafge, non volitile data:stofage that is
accessi§le in miliseconds. It has an advantage of‘not‘réquiring
periodic replacehent such as tapes. Destruction of data due to
catastrophic malfunctioné such as head crashes have been
minimized by the use of low mass, light load magneti; heads in
sealed environments. ‘ .
Data storage and retrieval has made possible the present growth
in computer technology. As the storage capacity of a computer
installation is increased so is its capacity to handle complex
programs. Presentlj there are a few programs develb?ed or being
de&eloped that require very large data bases. These are mainly

i the field of simulation, modeling, and pattern analysis. As

these fields progress in their complexity and capability larger

/6.
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data storage devices will be required. The techn%log§ presently

. —

available can provide storage capacities that cnallenge cur
ability to manage them. Considerable work is needed in cdaza
management and programming to provide thé'type of environment
needed to handle large data base sysfems for tomorrows resezrch
and develocment. As our datz base expands, so do the riéks <o
the freedom of individuals caught wp in such a netwcrk of Zdata

storage. Responsible governments will, therefore, need to

guard against such encroachments.

7.
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-Summgzz

High Density Disk Drive Technology
The development of the digital computer has required. a
parallel development of storage devices. Of the many £§ailable

technologies for data storage, magnetic disk drives lend them-

Aselves'to the best solution by providing lcw cost, easily

accessible, non volitile storage. The history of their develcp-
ment extends over 20 years first with the drum memories and then
disk memories. During this period storage capacities have
increased over a hundredfold while costs have tumbled making
todays cost per bit the lowest in history. The paper presents
some of the history of the development of the disk drive by
outlining the major improvements in technology that have teken

place. A comparison is provided that compares the various other

" technologies used for data storage and lists some of their

Advantages and disadvaniages.~

The trend towards larger data based systems and thé storage
devices needed to handle the storage requirements of the future

is discussed. Some concepts of futﬁre usage couple‘the now
popular micro processor with the disk drive which can provide

a compact intelligent storage device. This power is only hinted
at in the drive and controller combination which is presently

in use. .The controlier portion can be expanded to process much
of the data before it is passed on to the computer instead of just

doing housekeeping and sequencing.
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RECORDING ELECTRONICS

THE HEAD STRUCTURE \

The magnetic head is a modified torroid of magnetically permeable
material. It is provided with an air gap and a suitably dimensioned window
around which a coil is wound. The shape may vary with intended use but

every attempt is made to keep the structure magnetically efficient.

The terminology is illustrated in Fig. 1.1. The core has some thickness
and width. The width defines the track width recorded on some media. The
throat height is the ;hickness of the core at . the air gap, and the length

of the gap is referred to as the gap length.

The coil is usually referred to by the number of turns and whether it is

centertapped or not.

The ring strdcture is the one most used in the literature, particularly
in writing the equations describing its action or interaction. No attempt
will be made here to go into this aspect, but it is well described in the

‘literature, Hoagland and Karlquist beinQ the earliest authors.

For our pufposes we will be satisfied by looking at the field lines
and their behavior, as affected by the various mechanical dimensions. The
magnetic fie]ds.pfoduced by current in the windings is mostly developed
across the higher reluctance of the air gap; The field lines leave the
higher permeability core surface normal to fhat surface and seek the

opposite side, terminating normal to that surface.

2.1
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THE HEAD STRUCTURE

The field intensity is greatest within the gap and diminishes with
increasing distance following the inverse square law. As can be seen in

Fig. 1.2, the field expands out from the gap. It is this portion of the

field that is used for writing, the remaindef is wasted. Obviously, the

closer to the gap the media is kept, the more efficignyu;hgwyijg'pgggg§§.

This separation then becomes a fundamental parameter in the recording and
[} .

reproduction process.

In hard disc drives it is referred to as flying height and in tape drives
as separation. In tape applications where thé tape is'expected to be kept
in contact, any separation of the head and media is deterimental. In disc
drives it is deliberate and is part of the design. This is necessary in

order to minimize head-media wear expected at the higher velocities used.

Other structures that have been used to date include those shown in
Fig. 1.3. The windings may be either around the core itself or around the

back bar. This structure has been implemented in ferrite in the IBM 2314,

A — 4t - o B V. e e ST WS W T

and 3330 machines. There are two back gaps that are shorter and larger

N e

in area than the main gap. Here the reluctance is minimized to ihcrease
efficiency. The CI structure was used {n all the earlier disc machines
from the IBM Ramac 350 to the 2311. The pole pieces were made of laminated
Perma1loy in order to reduce both core and hysteresis losses. Notice the
poor back gap contact in Fig. 1.4. This was due to the slight angle neces-
sary to produce the front gap using lapped parts. This head structure was
later abandoned due to the poor frequency response of the thick laminations

of the Permalloy. Ferrite afforded improved permeability at higher frequencies

2.3
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THE HEAD STRUCTURE

and was therefore used extensiveTy'for the next twenty years until grain size

BEPRPVES S
RS

became compargb]e to trackwidths.

T SRt et

IBM announced the Winchester head in its 3340 broduct in 1974. Its.

<'\—-
structure permitted lower flying heights with less mass and therefore a lower
——— i ——

loading force with less energy content on contact. Its structure is shown
- _
in Fig. 1.5. A small C structure is bonded to the face to provide the bap

and the coil winding window. The two outside rails, A, B, constitute the air

. bearing surface, replacing the large ceramic or barium titanate sliders used

in the earlier high mass heads. The center rail carries the head C core and
is machined to the width of the track. There are variations of this slider
form using only two rails that carry two head C cores or two thin film heads.
Sometimes this structure has a machined cavity that produces a low pressure.
area. This low pressure area is balanced against the high pressure area
under the rails to make a self loading slider that does not require an |
external load force. The ear11est heads requ1red an air supp]y to establish
the air bearing required to maintain head-disc separation. The development

of a self lubricated slider removed the requirement for a pressurized air

supply. These heads were loaded onto'a.spinning disc through a cam arrange-

ment with a load of 350 grams. The heads required removal before the disc
was stopped. With the introduction of the Winchester head, the head load and
mass were low enough to permit contact start and stop, thus permitting a

sealed environment. A comparison of the two types of air bearing is shown in

Fig. 1.6. The dimensions are exaggerated in order to show the principle.

ewd - | © Head-2

—

2.5
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THE HEAD STRUCTURE

The next head type used is the thin film head, so named because it is
manufactured using thin film techniques. Hefe the various parts of~a head
are deposited as fj]ms of magnetically permeable materials such as Permalloy,
conductors such as copper or aluminum, and various insu]atprs. The precision
of photomasking techniques permit precise trackwidth control to dimensions
down to the sub micron level. The structure of the thin film head is shown
in Fig. 1.7 A and B. The actual shape of the various etéhed deposits varies

with design.

The return to a Permalloy core structure is permitted because the core
losses are greatly reduced. The very thin films permissible by the technique

reduce these losses significantly.

In tape drives the core material remained Permalloy for a long time.

This was due‘tb the relatively 16w tape velocity compared to diécs. Recently
they have moved tb ferrite to improve frequéncy reéponse and head wear. Their
structure is not unlike that previously given, except that multiple heads are
‘sandwiched together to provide the required number of parallel tracks simul-
taneously used. The tape is held in contact by the use of pressure pads and
guides. Some heads have two cores per track: One specifically for writing
which has a wide trackwidth and a wide gap'1ength; The second head follows the
the Write head in tape direction and is constructed with a narrower trackwidth
and a narrower'gép length. This is done to reduce off track positioning errors

and to improve the Read frequency response.

Disc heads must, of necessity, be a compromise in gap length, as they are

used for both reading and writing. Fig. 1.9 shows why only one head is used.

2.7
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RECORDING ELECTRONICS
, ~

DISC/TAPE STRUCTURE

Magnetic tapes have long been manufactured using a backing material

usually of plastic, but earlier tapes used paper. Today Mylar is extensively

used, as it stretches or deforms less. The magnetic material is gamma ferric

B —
oxide imbedded in a binder and coated onto the surface of the backing uni-

formly. Calendaring, a Memorex invention, was later used to reduce the surface

roughness and hence head wear.

Discs are made from an aluminum alloy blank stamped from sheet stock of
high purity. The blank is then polished such that its flatness is controlled
-within microinches. A mirror finish to within a light band is the result.

This disc is coated with a slurry of gamma ferric oxide and a suitable binder. o )

‘Down’through the years this coating has become thinner and thinder, gping

from about 1 mil to 35u" in twenty years. CHanges in formulation have occurred |

to improve coating hardness, uniformity, coercivity, particle size, particle

- dispersion, and adhesion.

Gamma ferric oxide has been used extensively due to its fairly square
— e T — - — L

hysteresis curve. This curve relates the B and H fields as functions of the

intensity (see Fig. 2.1). It is noted that the permeability of the oxide
changes both from field intensity and from past history. What makes the

particle so useful is the ease of saturation and the retained B field, Br.
This . is the chacteristic that permits recofding. In saturation recording

the coating is saturated first in one direction and then in the other as a

3.1
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DISC/TAPE STRUCTURE

function of fhe data to be recorded. The spacing between flux reversals
determines linear data density. The linear distance is divided into cells

to which is assigned a bit of known value, thus on play-back (read) each bit
is reproduced in its correct cell and the data is kecovered. A typical disc
or tape magnetization pattern is illustrated in Fig. 2.2. The cross section
is taken longitudinally along the track. The location of the N,-N juxtaposi-
tion or S,-S juxtaposition is referred to as a transition, the center line
being the exact location of the transition. Since this isAthe moment at which
a moving head sees a maximum time rate of change in flux, a voltage is
developed in the coils surrounding the core as the core gathers the flux, due
to its higher permeability than the surrounding air. This simplistic explana-

tion will suffice for here. More precise development of the theory is given

in the literature.

The surface of discs is polished to the désired fiatness in order to
minimize the head-disclspacing variations. Any variation.in flatness is seen
by the head as an up and down motion as the disc rotatés, which excites the
mass-spring mechanics of the head, causihg further head-disc separation and.
possible contact on the negative excurgion; Contact has been a problem with
the high load, high mass head, as the disc is damaged extensively due to the
energy of contact. Particles are removed which further contaminates the
air stream under the head, which causes further disturbances and further contact.
The final effect is called a crash. Crashes have essentially been eliminated

with the Winchester style slider. Some disc manufacturers deliberately add -

_Elggigg_ggryicles to the coating slurry in order to force a contacting head

3.3
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DISC/TAPE STRUCTURE

~ to rebound from the hard particle. A problem with the alumina is that.it is N
non-magnetic and therefore represents a magnetic discontinuity which is read |
by the head as a noise voltage. Size control is required in order to keep

the top of the particle below the expected position of the head. Contact of

the Winchester head is deliberate during start-stop operations. The disc

coating is given a thin coating of a fluorocarbon in order to improve its

wearability without causing stiction.

The coating thickness influences the spacing between transitions. Hence
as the data density has increased, so the coating thickness has reduced. This
effect is easily seen when one considers that the field required for satura-
tion must emanate from the hgad gap which reduces as the inverse square-of
the distance from the gap. The further the field must penetrate, the larger
the initial field; therefore the wider the %ie]d lines. If point D on Fig. 2.3 j'
is 300 Oe or saturation value, then the particle at A is not éaturatéd. But | ;)
if A 554300 Oe, then D is much higher and fts influence extends to E and F,
thus widening the field or reducing the obtainable density. The height of |
the head is above the media amd has the same effect of reducing the potential

transition density.

3.5
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RECORDING ELECTRONICS

HEAD CIRCUIT

In order to write a transition, current must be passed through the coils
of the head windings first in one direction and then in thé other in time
with the imaginary cells assigned to each bit recorded on the moving disc or
tape. To see the effects of such current reversal, we need to develop an
equivalent circuit for the head. We expect it to include resistance due to
the conductivity of the wire used. It must have inductance due to the turns
and the core structure mate}ials. we would also expect interwinding and
wiring capacitance. See Fig. 3.1. This then becomes a simple RLC circuit,
as illustrated in Fig. 3.2A. The equations for a step current in LaPlace
form concern the voltage developed across the head windings as well as the -

current through the head windings.

Vi = 1 - B
(s) (s) Z « (3-1)
s Ss h(s) | |
1 ’ ‘
= L) ts (LS+R) | (3-2)
S . &t LS
R
=1 S*T (3-3)
(s) Re, 1
SC(Sz+fS'+EE

This can be rewritten as (3:4) which is the standard form:

I(S) | S + 2T ’ (3-4)
SC(S2+2XW,S + Wp2)

4.1
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HEAD CIRCUIT

The current through the head winding which produces the flux is simply the
voltage divided by the R and L of the head. This is not exactly true, since
the interwinding capacitance plays a role in the true current, but it is

sufficiently accurate for our purposes.

1 e
. Yi) . L) ts (LS+R) (3-5)
(s)Head i
R+LS S | (gg +LS+R)(LS+R)
I L |
= "(s) CS (3+6)
s Co+LS+R >
. 3
- Xs) c__ ) (3-7)
S \ Sz+-L-S+L—C

which, when written in the standard form, becomes Eq.(3-8):

W 2 _
I(s) 'n (3-8)
S $2 + 2CHyS + W3

‘As we examine these equations we see the terms 2zWn and Wp? are identical for

both the voltage and the current. The R value is small, being typically only

a few ohms for low winding heads. The damping factor,z, calculated from the

—_ —
algebraic equation (//”/
o= 2tu org = R (3-9)
2LW,
al’\

would be small, indicating that both the voltage and current will be exponen-

tially damped sinusoid instead of a modified square-wave, as we would wish. In

B D i el i

order to do this, we must add a resistance either in series or in parallel.

e e e e P A e s e g b e st 4t = e - e e e

— e




PUBLICATION INTENDED. ALL RIGHTS RESERVED.

HEAD CIRCUIT

The equation becomes (from Fig. 3.2B): ' (.

1
R LS
‘ — (3.10)
V = _I_§_ Z(S) = I(S) R+ CS
1
S S R(7=)
CS; + LS
R + s
which reduces to Equation 3.11:
I( .
. _(s)
Y(s) = 2 S 1 (3.11)
¢S *pr 4+ )
when written in the standard form it becomes Equation 3.12:
MON 1‘52
C(S” + 2cH. S + W, ?) (3.12)
Similarly we develop the current equatidns as before:
v _ I, ) .
I(s) _(s) (s) . . . (3.13)
LS LCS(S™ + 2zW, + W, )
,
I | W
(s) "n (3.14)

S(S* + 2gWyS + W,")

We need both equations 3.12 and 3.14 as they describe the voltage swing across
the head during a a write and the current wave form. With R properly chosen to
make ¢ = 1.0 for no overshoot we obtain the case of no ringing in either

voltage or current. Practice shows that a ¢ of .95 is best as it improves

——— - C s T i e - - eeogm—— Jov— —
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the rise t1ne with minimum ringing The actual overshoot is about 3-5% which

—  ——— ———— ——— . G—— - —r— " r
W

is acceptable. When the current is measured using a current probe, the ideal
waveform is not seen. To see why, we must relook at the equivalent circuit. Fic3.2¢ .
We see a capacitor and a resistor on both sides of the current probe. The

equation can be modified and does reflect the true waveform.

2
Iprobar s = _S( S+ 2 MppS + Wy _‘:‘nl
(S) RZ S + ZCIWnIS + W 1 an
Where Rp, wnp, and zp are the parallel equivalents and the terms

with the subscriPt 1 are those on the head side of the probe.

For reading the damping must be adjusted for a = 0.7. The reason for this

is that for current we are talking about a time domain response and for reading
we are taiking about frequenéy domain response. See Figures 3.3 and 3.4. . {f
[_————fﬁg?5;§ng to the current's time domain response and the hysterisis curves

for the media as shown in Figures 3.6.énd 3.5 reépectfve]y, we can see the
magnetic effect of ringing of the write current. The overshoot A, causes

the media to be pushed further into saturation while the undershoot B, brings

the media back out of saturation. This is undesirable.

e e— .

Since the write current cannot change instantaneously, there is a period
of time during which the media sees less than a saturating field. If the rise
time of the write current is short compared to the time a media particle travels
from one edge of the head gap to the other, then that particle is assured of
leaving the influence of the gap saturated in the new direction. From this

we can see that the trailing edge of the head gap exerts the final influence

on the media.

4.4
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figure 3.7 shows the bositiona] relationship of a particle of oxide as it ki]

traVe]s within the gap and the field strength it sees at each position.

Clearly current curve 1 takes the particle from -M to +M within the distance

of the gap travel; whereas, with current curve 2 the particle is well outside

the gap before +M level is reached at the trailing edge. This indicates that

the particle will not be saturated and will therefore retain old information.

The saturation is not quite this bad as the write current is usually greafer than
required for saturation. Similarly a particle at the gap center at the start

of the transaction remains saturated at -M as the field when crossing the

trailing edge is nearly zero.

Magnetically the head circuit can be described by a reluctance diagram.
(Fig. 3.8). In the construction of the head these reluctances must be con-
sidered. The core leg and back gap reluctances total must be small compared (':>

to the front or working gap.

WhenAWriting the front gap should be wide in order to assﬁre complete

' saturation during current rise time. Its reluctance will therefore be greatest
" as desired. However, in its construction the core area is considerably reduced
at thg throat in order to maximize the external field as shown ih cross section
in Fig. 3.9. The reluctance which is a function of cross section will be
increased, hence the field strength in the area is increased thereby creating
the possibility of pole tip saturation. Pole tip saturation effectively widens

the gap as that portion saturated has a pof 1 like air.

4.5 )
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In summary, the field strength seen by the media depends on the current

value, the ratio of reluctances, the flying pgjghtmqr_§pacing, and the coating

_thickness. The design of the head must therefore accommodate all these when
attempting to maximise the 1ineal transition density. Also the head inductance
increases with the square of the turns, whereas the output voltage only increases
as a direct function of turns. Tfying to compromise output and rise time becomes

difficult because of the inductance.

4.6
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HEAD PERFORMANCE

In inductive heads which are the only ones considered so far, the read

- ——————————0 e

back performance of the head is directly releated to the veloc1ty of the

B

recorded transition, the number of turns on the core, _ and the efficiency of

e e —~———
———

‘the flux gather1ng paths The instantaneous read back voltage is then pro-

portional to KN Eﬁ?’ The flux resulting from a transition is complex having

field lines changing in slope from some positive value to some negative value

or visa versa over some disiance. The work of Karlquist and Hoagland's studies

have provided the basis for these interactions with considerable work done

by others following. It is not the purpoée here to detail the derivations, "
)

but we will use their results.

© KARLQUIST |
X
) m/zb’t Hx (x,y) = &g [tan -1 ( y ) + tan~1 '(Q'——y ) (4.1)
| ' s
-1 (g/2 + X) + _y Murg the \’ ( 2)
J/‘( H_Y (X,y) ‘—‘2_71'—9 ( _ R VTR J e }6"\ 3
(8/2 - x)% v Lol P¢ }LLr i&f Frue

These two equations show that there is both a horizontal x component

as well as a y component of flux. Where g is the gap length, x and y are the

“component vectors.

Most authors have neglected the y component for simplification by assuming
a thin media;- however, there are'features of the read back pulse that can only

be predicted by using the y component.

I p . | s
. T o // 3 4
;- / oSS
-~ - ’ 5.1
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The idealized thin media pulse is given by:

-~ 1 1 - 1 -
e (x) = KJ/,E x(x - X) Hx(x)dx = (M x*Hx) x where * is the convolution.

-
There are several other derivations that should be looked at besides the
arctangent'équations. Others have used the Gausian, Lorentzian and modified
Lorentzian versions. We will use the results of their work here, but will
not go into the magnetics'nor derive the equations; Our purposes will be

filled as we understand the effect of the various parameters of the head on

the read back and writing process.

As expected the center of the transition is the point of the maximum
time rate of change of the recorded flux; therefore, the read back voltage

will be a maximum trailing off on either side. We will use the Gausian or

bell shaped curve for uhderstanding as shown in Figure 4.1. We refer to this:

S

pulse as an isolated pulse. Hoagland and others have shown that linear super-
position holds for this pulse. Therefore as we record'positive and negative
transitions aTternate1y on the disc the resu]ting.waveform will be a train

of poéitive and negative pulses of the general shape shown in Figure 4.1.

'As these pulses are crowded together we <can use superposition in order to

predict the resulting waveform or interaction.

In Figure 4.2A the peaks of the two pulses do not interface, but there is
interference between them. The resultant waveform remains nearly the same in
peak-to-peak amplitude, but does not return to the base line between them. In
Figure 4.2B the spacing is closer. Here the pu]ses interact strongly, influencing
both amplitude and peak position. Note the reduction in amplitude of the resultant
péaks and also the shift in position of the peaks compared to the original.

Since a train of data is time dependent as to its value in a data stream, this

shift becomes significant. We refer to the shift as bit shift or peak shift
‘ 5.2
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and 1; results strictly from pulse interaction.

If we were to test the peak amplitude of the read back waveform as a
function of transition spacing or transition density, then we get what is

called a transition or bit density curve. This is shown in Figure 4.3.

Each head and disc combination has its own curve depending on their
many parameters. Bit shift or transition shift can also be similarly plotted
on the same graph coordinates. The extension of the amplitude curve relates
to the wavelength of the transition spacing and the gap length. If the gap
field includes two transitions the net flux is zero, hence a maximum at B
in Figure 4.3. The head disc parameters are gap length, throat height, flying
height or spacing, media coating thickness, media coercitivity and remenance,

and head core reluctance. Amplitude is affected by throat'height, head

* spacing, coating thickness and remenance particularly in the flat or non-

interacting portion of the curve. The point at which the roll off océurs is

affected by gap length, flying heighf; coating thickness and media coercitivity.

From the above it can be seen that some parameters affect both amplitude

and roll off. Generally speaking, if we want to increase transition density

we need to fly closer, use thinner media of higher coercive force and use a
narrow gap head. A1l this shows up in the equations for Pwgg or the % voltage

pulse width of the isolated pulse as shown back in Figure 4.1.

There is an equation that has been derived to express the Pwgg in terms

of distance.

5.3
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\~ b‘;“\?l»
E T Y |
, 50 = g+ 4 (d+a+8)(d+ a) (4.3)

A5©
v
£

Where g = gap length w”

d = head media separation /v 4*
§ = media thickness w p* AoK Thsconess —
a = transition length . -

- The transition length has been expressed as 'a' for NiZ, ferrite heads.

-8 [ __Br
a= 3 (Hc.Kd 1) (4.4)

No mention is made of the field spreading effects of finite rise time
hor of the core reluctance and perme tivity. Kd is an empirical number equal to
0.75 for particulate media and about 0.9 for thin metal films. The equation
does not hold too we]l for MnZn ferrite heads. A possible explanation is that
N1Zn heads usually haye a magnefic dead layer therefore flying height is
incorrect as is poésib1y the gap.length. If it were perfectly annealed, the

equation for 'a' might be in error due to Kd not counting the effect of finite

rise time.

If we observed an isolated pulse on_an oscilloscope, we would see a slight
asymmetry and a trailing undershoot. Going back to the earlier Karlquist
equation, we can see that there is predicted a y component. It is this y

component that causes the asymmetry as illustrated in Figure 4.4.

This distortion must be considered when predicting bit shift and amplitude
using superposition. It is presently done by entering points on the curve into a
computer and having the computer-do the work to generate the transition density
curve. A general dénsity curve can be drawn relating amplitude to Transition

Spacing/PW50.
5.4
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SATURATION CURVE

If the amplitude of the read back signal were plotted as a function
of the write current amplitude or given transition density, we get a new
curve called a saturation curve. As the value of current is increased, we
would expect the read back amplitude to increase as it would in a linear
system. However, as we approach saturation in the media the amplitude levels
off and remains steady for increasing amplitude. If the media is thick, the
saturation curve rolls off instead of remaining flat with increasing current.

To understand why this is 56, considér Hoagland's terminology of near
field and far field. The near field is defined as the field within one gap
length from the gap center as shown as point A in Figure 4.5. Point B is in

what is called the far field.

It can be shown that for a head disc.interface where the combination of

flying height and coating thickness is equal to or less than the gap length

the saturation curve remains essentially flat for increasing current provided

the pole tip is not saturated. If the furthest particle of the media

is further awéy from the gap than one gap length then the total effect is to
broaden the transition width which reduces the amplitude the same as if the |
PW50 were increased which is exactly what happens. This was explained in

Figure 2.3. The resultant saturation curve looks like that of Figure 4.6.

As expected from the transition density curve earlier discussed, the
amplitude for higher transition densities is reduced by superposition.
A saturation curve may be drawn for each density; therefore a typical
saturation curve is a multiple curve showing at least the minimum and maximum

- density curves for the prepared recording system. Note that as in Figure 4.7

5.5
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the current of saturation for each density is different indicating that
saturation is also a function of transition density. The usual transition
density curve can be taken at a Sing1e current value or it can be plotted
using the minimum saturation current level for each transitioﬁ density. To
optimize a system it is profitable to choose the current value that best
overwrites old information. It shou]d also be noted that if the recording
involves the far field, the slope of roll off increases with increasing
'density. This is shown in Figure 4.8. This roll off can be éxpected from
the field spreading effect of the particle in the far field vs. the recorded
wavelength. The correct write current must always be chosen to the right of

the maximum for the lowest density to be recorded.

Since we noted that thé so called saturation peaks occur at lower write
current values for increasing transition density, we might expect‘ the ability . )
of writing highef transitions to erase a lower tfansitioﬁ signal previously
recorded to be diminished. .Such is the case and resu]fs in a new curve called
the write over curve. It is‘usua11y drawn on the same_graph as the saturation
~ curve, Figure 4.9. The curve data is téken by first writing the Tower density
signal and measuring its amplitude. This amp1itude is called 0.db and becomes
the reference. The higher density is then written over the lower density using

the same value of write current. The residual Tow density signal amplitude is
measured. This is done by using a high Q filter turned to the low density
frequency in both cases. The high density signal is thus eliminated from the
measurement. The ratio is taken as a -db level and is plotted on the graph.
The resulting curve then indicates the degree of erasure and the quality of
-the recorded signal. As could be expected, any dégradation of a signal affects

the ability to read a transition and then assign it to its correct time slot. ;’

5.6
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A second valuable measurement is the ratio of the amplitudes of the
ad=dze highest to lowest densities recorded. This is usually expressed as a
percent. The lower the percentage the further the two points are apart on
the bit density cuf&e, or if the two points-are a fixed density ratio apart
then it indicates the points are further to the right on the bit density
curve. This is pafficular]y true if the recording involves the far field.

Figure 4.10 illustrates this effect.

VFL / \/ﬂ
In the near field case, the ratio of EZA1 is about 0.8, whereas the

far field ratio is .4/.75 or .53. Back to the near field case, to get the

same .53 ratio the transition density separation is F1 to F3.

Because of the write over requirements the write current must be kept

- high, but if the far field effect are involved, both the amplitude and

- resolution, hence bit shift, suffer. A compromise must then be made between
the two. It is then obvious that far field recording is undesirable. Write
over values above -26 db are unacceptable. Usually we require at least -30 db
. to keep from degrading the amplitude and resolution or bit shift. The current
value is élways to the right of the saturation point regardless of the write

over value. This is necessary to ensure erasure of old information.

The last important measurement is the signal to noise ratio. Noise
consists of five general components. First is the electronic noise assoicated
with the amplifier first stage, the amplifier input current noise times the
head impedance plus the amplifier voltage noise referred to the input. These
two add as the square root of the sum of the squares. Barkhausennoise in the
- head core is 5150 similarly added. The second noise is the media noise

~ associated with the particle size, particle distribution and dispersion.

5.7
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For particulate media this noise is considerable particularly as the track
width diminishes. This noise increases as an inverse power function of track
width. The third major noise source is the write over noise already discussed.
The fourth noisé is side fringing noise as read by the head from the adjacent
track. The fifth noise source.is the minor bit noise. These and electronic
noise will be considered in a later chapter. The media noise will be worse
for particulate media and best for thin film ﬁedia such as metal films. This
can be seen by Considering the particles as separate magnets, each surrounded
by a non-magnetic binder. Thus each particle contributes to the overall field,
but as the view of the head decreases either in gap length or in track width,

then the individual fields dominate which thus modulate the head signal.

If we record a single frequency signal (single density) and we were to
read it back noise]éss1y the resultant spectrﬁm would be a single line equal to
the'bandwidth of the measuring equipment. As we allow noise tp enter the system
the specfrum broadens into the typical bell shaped distribution for white noise,
or if colored, a§ by media noise, a different shape. We could plot the peaks
of all pulses in the presence of this.noise and we would get a éimilar curve.
Since we are most interested in these peaks as they represent the true position
of the reproduced bit, we need to concern ourselves with the amount and sources
of the noise. S%mi]ar]y, as we move further to the right on the bit density
curve, we must add the time shift caused by pulse superposition or interaction
when we write bits of at least two different spacings randomly. The result is
three curves or more each centered on the predicted peak shift d for the
fndicated bit spacing and each containing the probability of peak position due
to nbise. This is illustrated in Figures 4.11 a, b, and c. The work was
first déscribed by D. E. Katz ana is the subject of a paper by him and

Dr. Campbell published later.
’ 5.8
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* The ordinate may be changed to that ofrthe time deviation from the
expected time position of a recorded transition in a data stream. When
this is done, Figure 4.11C becomes a plot of the probability of a transition
being detected as a function of the expected transition of a noiseless non
interacting system. If the time wiﬁdow allowed for each transition to be
assigned to its correct time slot in a data stream were to be drawn on the
curves of Figure 4.11C, we would notice that a portion of the transitions on
either side of 'w would be mfsp]aced or be in error. We will discuss this
further at a later time as there are many other effects that contribute to

the number of transitions detected outside of its assigned window.

SIDE FRINGING

As mentioned eér]ier a sighificant noise source is side fringing. This
signal has twoAcomponents. Consider the head gap. It is three dimensional.
So far we have on]y»considered the fié]d directly under the héad core but the
field emanates from the side of the gap just as much as below it. The field
intensity ]imits for saturation are just as far as the depfh of recording
andlworse as the field of non saturati§n extends>even further. The head
can read this field every bit as well as that under the head. Also it is as
if the media were infinitely thick (to the side). Thus we would expect the
field to behave as if it were a thick media or "far field" recording. This
results in low dénsity signals to be read.at a higher amplitude than high
density signals. Now we measure write over ds a ratio of two Tow density
ampTitudes before and after a high density errwrite} It can be easily seen
that the write over value is degraded by tﬁe side fringing signa]usince non
saturated information is available to influence the head. The side fringing

signal pick up is greater for low density signals. If two tracks were

5.9
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immediately adjacent, the adjacent track recorded with a low density signal (fﬂ;
and the true track recorded with a high density signal then when reading

the true track the read back signal would contain the low density signal

as read to.the side. If we were to plot the value of the fringing signal

as a function of the low density frequency, we would observe an increasihg

fringing pickup with decreasing low density or decreasing frequency. All

this means that the signal to noise ratio is further degraded from botﬁ on

track low density signals previously recorded as well as adjacent track low

density signals Figure 4.13 and 4.14.

MINOR BIT

Another noise source is the effect of the edges of the core away from
the gap. These also represent a discontinuity in permeability and thus wil]
appear as a partial gép. The gab length being infinity. On closer inspection, " )
infinity is not correct as gome field Tines prefer to travel around fhe core

and exit the side of the core thus generating a voltage in the coils.

This is illustrated in Figuré 4.15 A, B. The resu]tant bu]se is very
broad and of low amplitude but contains significant energy;  An experiment
can be set up in which a lTow density signal is recorded and read back as
isolated pulses. The amplitude and position of both the isolated pulse and
the minor pulse are plotted as a function of the Tow density bit spacing.
At a certain spacing which coincides with an exact multiple of bit spacings
equal to the core length the isolated pﬁ1se is dramatically affecfed by the
minor bit as it adds, Figure 4.16, or subtracts its energy to the iso]atéd

pulse height by the few percent amplitude of the minor bit, but such is not

5.0 )
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the case. Amplitude increases of ~100% have been observed indicafing that
energy is involved, Figure 4.16. The reason this is not observed more‘often
is that normal recording is of higher density which masks some of the effect.
As this noise does affect’fhe recording performancé the head is modified to

reduce the pick up.

Head manufactu}es usually degrade the leading and trailing core edges
either by increasing the flying height at these edges or by machining the
edges so that it is not parallel to the recorded transition or by crumbling
the corner so that it does not present a uniform edge equal to the track
width. This phénomenon is only a reading phenomena. The write field
‘strength at the trailing core edge is not sufficient to move the media remenant

field, Br, enough to. influence the read back process.

This can best be’séen when recording on a disc on the inner diameters
where the pole edges'B'are not over thevtracﬁ A made by the regular gap.
Then moving the head to have the gap over the B track. No evidence is seen
~of the signal recorded while writing'A'even when using a spectrum analyzer
as the measuringidevice. The thin film heads have significantly shorter
core pieces, therefore the minor bit is substantial. It shows itself as"an
undershoot on both sides of the isolated pulse. A second effect in disc‘
recording is an amplitude modulation as a function of radius for constant
frequency record. These two effects are shown in Figures 4.17 and 4.18

respectively.
- 5.11
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The number of undulations being determined by the ratio of the pole
FiIG 418
thickness and the diameter change from ID to the ODzA\SimiIarly, we would

expect a modulation if we wrote varying bit density signals on a constant
track as shown in Figure 4.19 which is the standard density curve. At very
Tow densities the transition spacing exceeds the pole tip length, therefore,

no modulation occurs. The above assumes equal pole tip lengths.

The isolated pulse shape is the same for all low density signals below
the pole tip length. When the transition spacing nears the pole tip length,
the shape of the isolated pulse changes until it affects the amplitude.

Thereafter the density curve is modulated for all higher density signals.

During this chapter we have focq%d on three fundamental curves that
describe the performance of the heads and discs together. We can summarize
by drawing several curves that relate the various mechanical dimensions of

the head and disc. The unlabeled dimensions are considered unchanging.

The five mechanical parameters that affect head-media performance -
significantly are the head gap length,.head spacing, head coil turns,
media thickness and media coercitivity. The actual sh;bes of the above
curves are only to show trends not actual ratios. Of fhese curves the head
gap length, head spacing and media coercitivity control the transition
density performance as long as the signal to noise ratio remains the same.
Generally we can say that as head gao length decreases, as long as the
combination of flying height and media thickness is kept within the near
field definition, transition density can increase. '

5.12
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OFF TRACK CONSIDERATIONS

Both tape and disc machines exhibit problems with registration of the
written track and the reading head. In. tape machines this occurs in two

areas. First the skew of the head centerline from the centerline passing

thru the center of all parallel transitions. The angle produces two problems.

The angle produces a cosine error in the track width‘which Towers the ‘signal
amplitude and a.cosine function that broadens the transition as seen by

the head gap thus lowering the amplitude and effectively increasing the Pw50
which reduces frequency response. The other is tape registration which is a

problem relating to’the auides and the slitting process of the tape itself.

In disc drives part comes in the form of disc runout which is similar
to the tape guide-slit edge problem wherein the disc does not always rotate
around the same point. This is due to bearing problems. Earlier disc drives
Have q'cantilever bearing systemgwhich'accentﬁates the preblem. Also pack
mountihé repeatability is a problem. These together cause the disc line
of rotation to precess which moves the track from its expected position as

a cosine error. MWith a disc stack of more than one disc this makes -the

error subject to vertical location.

Another area of concern is the carriage and ways. These are the moving

parts that hold the head arms and allows movement into and out of the pack,

a radial change in position. Any tilt of this assembly either due to machining

or due to debris on the bearing surfaces will again cause a cosine error
which worsens the further the head position is from fhe bearing surface.

* The manufacturing repeatability of the head arm and its alignment introddce

either direct off track position error due to misalignment or cosine and

cosine error from gap skew as previously discussed. The latter group of
5.13
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errors have been eliminated in the fixed pack concept which was introduced
in 1974 by IBM in the 3340 machine wherein the heads, carriage and way are
included with the ;pind]e in a separate package or module. The‘remaining

fo1erancé§ remain until they can be reduced by changing the location of the

bearings to either side of the spindle and carriage.

Early disc drives used a detent arrangement to locate the position of each
track. These tolerances were enormous compared to the track spacings.
For example in the 2314 the track spacing is 10 mills. A totaf’of 3 mills
was allowed for all the above tolerances, or 30% of the track width. Later
machines achieved better registration by utilizing a closed loop positioning
servo to locate each track. Here a single head, the servo head, is made to
follow a pre-recorded track containing posftioning information. This cut the
carriage tilt error to about half and similarly the precession errors. Aaded

though is the ability of the servo system to follow the track.

The total savings were positive thus permitting aupresént 960 tracks per
inch or about 1.04 mill track spacing for the Memorex 3652 machine. Any'
mispositioning of a head in re1ationsﬁip to its recorded track results in
increased noise in the form of adjacent track signals during read. A misplaced
written track similarly creates problems for both the track of interest as
well as the adjacent track and finally a reduction in signal amplitude due
to the mispositioning. As can be seen the closer together the tracks, the
less movement can be accepted before the signal is degraded. Typical ratios

of head width to track separation remain fairly consistent for all machines

5.14
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However, if we align the gaps to’the radial line at some mid position o (i}
then.we would get * (a=g) for both the I.D. and the 0.D. The true alignment
point would be at the radius where g=0.5° sec Fig. 3.35.
Now the difference between o and g is 1argé'and normal sKWew misalignment
is usually kept to within #30 or +0.5° to minimize amplitude Toss. Tﬁis then
restricts the total travel of the head. For example:
R = 6.5" D = 0.02"
-1/0.02 |
a = sin (::E:;) = .08814736"
6.5"
.01 .01
R, = sin 1.08814736 - .01899061 - -°26%" radius
if -g— = .1" R, = 6.5" Ry = 4.0" o =.44074106°, - .71621585° ¢ :)'

Ab .120 mills. This says that & &~ s 2(B - &)= (.275475°)2
' This is close to the

1

bo = 6.5(1 - cos(sin-139§)) = 1.4234 x 107" spec for + 0.50 skew.
=105 ' Y
b, = 4.0(1 - cos(sin 4)) = 3.125 x 10°

This says that there is no positioning reason for not having two heads, one for

write and one for read with a radial head movement.

The problem is the isolation required.

Vp = 1.0 x 10°°ve -30 db S/N
) .001
VWn = (37 622777)

Vw = 7’VBP

3.162 X 10°°V

lok 4 | | )

for 18598 db isolation for a noise contribution of -30 db.
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at around 70% which is just the same as for the old detent machines of the
1960's. The difference being that some tolerances have been reduced

permitting an increase in track density up to the next limitation.

An example of the signal degradation due to mispositioning iS illustrated
in Figure 4.33. The signal read will be A, the intertrack gap is B and the

adjacent track signal is C. Fringing is also a factor.

' A
T(on track amplitude) 7, + F,

Sig

C
Noise T(on track amplitude) ;; + F, + T (surface noise)

: o qd
At the ID the gaps ‘are separated by k?ﬂ (BP{J bits

At the OD the gaps are separated by [ B1) (g5 bits

If the gaps are symetrica]laround the radial line, then + at OD the length
b= R(1-cos ) =Ro(l -cos (sin _1( gl?)))

' ) v =1 d/2
At ID the length of b = R(1 - cos ) = R ( 1-cos (sin (g, )))

-1 gég

_d/2 '
the difference is R,(1 - cos R ) - Ri(l - cos_ e )

This could be compensated for by the servo track spacing as far as track
centerline is concerned as well as the intertrack spacing.
The skew will be twice the difference between aand B if we align the gaps

to the radial line at the 0.D. I.D. =2 (a-B).

5.15
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.01
6.5(1 - cos(sin™' “§5)) .00000768

, .01
4.0(1 - cos(sin 4)

o
[}

.00000312

R
1

.000,004,56 or 4.56 p"

3

ab

that is for a gap spacing of 10 mills

Try gap spacing of .10"

1

) -1 .05
bo = 6.5(1 - cos (sin 7)) - (.00002959)6.5 = .00019234
B . - _1..05 ‘
(: ' by = 4.0(1 - cos (sin_ ~z)) = (.00007313)4 = .00031251
’ Ab = .120 mills

5.16 B
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RECORDING ELECTRONICS

- R/W BLOCK DIAGRAM

Figure 5.1 is a general block diagram that may be used to define the
circuits réquired. A1l RM channels have this form. Its complexity may be
] incréésed depending on the sophistication of the recorded signal or it may be
decreased for very simple signals. As most disc drives havé mu1t1p1ekheads, it
is obvious that some means be provided to isolate the individual heads from
each other while a11ow§ng one head to function. This is the function of the
block marked Matrix. It is fed from an address register that contains the
head number selected. For reasons to be discussed later, these two blocks
may be repeated. The blocks marked Read and Write perform these basic services.
A means must be provided to select either. That is thevfunction of the blocks
marked Read Select or‘write Select. Part of the write chain includes the
Write Pre briver, the Trigger and any encoding functions. The Read Chain
includes the Lfnear Amplifier and‘F}1ter, thé Detgttor, and a decoding or
"declocking scheme. Some subfunctions include Addréss Mark Detection and
synchronization. A necessary set of fﬁnctions include the Safety Circuits.
These are provided in order to protect the recorded data either from simulta-
neous commands or from failed components or circuits. These circuits do not
respond to legitimate though unintended commands. Tape drives generally perform
these functiohs multiply in groups of 5, 7, or more depnding on the machine
type. It is the p upose of the remainder of this book to address each of these |
blocks in turn. We will discuss the various interactions and requirements
particularly those related to the head—disc interface.
- WRITE CIRCUITS
The write circuit used depends on the head winding structure whether it < ;)

is single-ended to reference, single ended floating differential or centertapped
6.1
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R/W BLOCK DIAGRAM

diffefential. The circuit also depends on the time between transitions.

In the single ended version the write current required for saturation is
alternately reversed in the windings producing the alternating flux
reversals required for writing. This can be accomplished by the circuit of
Figure 5.2A. Here the complimentary emitter fo]]ower drives is driven by a .
square wave that is carried above and below ground. The current f]ow‘is
then determined by the voltage level out of the driver and the value of
resistance in series.' With Targe input voltage swings the value of the
series resistor can be made large which minimizes the L/R time constant and
thus reduces the time of the recorded transition. Power dissipation is large
both in the Driver transistors, the input driving circuit and the series

resistor.

The current is determined from EQ 5.1 and 5.2

Vin+ - Vbel (5.1)
DC I+1_ | = R + Rh -
Vin- - Vbe2 - » ’
. 5.2)
DC I- = R + Rh (

If the circuit is balanced to ground then these two currents are equal
except for the slight differences in Vbe and the input voltage swings. The
circuit is worse cased by considering input swing variations, the Vbe variations
and the two resistors variations, one a fixed and the other the winding -

resistance.

6.2
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R/W BLOCK DIAGRAM

Power dissipation for the transistors is simply calculated, again

worse case conditions must be assumed.

(Vsupply max - Vsig min, + Vbe max({/,,‘ v - Vbe ndp) ERS 3

R min + Rh min

It will be noted that the current is a function of time; therefore, the
actual trahsistor power dissipation is less than EQ 5.3 would indicate during
the time of the transition. Also the trué maximum may not occur at Vsig min
but at some other value. At the time after switching,the current thru the
inductor cannot reverse instantaneously, therefore, the transistor power
dissipation is increased in the same transistor until the current falls off
to zero on fts way to the opposite maximum. The base voltage changes to the
opposite pqlarity but the current remains the same. The power peak is giveﬁ

by EQ 5.4.

(Véupp]y max - (-Vsig min) + Vbe max) I Max (EQ 5.4),

Peak

Where I max is the current determined by equation 5.1 (6r 5.2).
This transient power dissipation must be considered, particularly when
secondary breakdown can occur. The choice of transistor then not only

depends on the voltage and current, but unfortunately both at the same time.

Figure 5.3 shows the relationships.

6.3
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R/W BLOCK DIAGRAM

Thé head circuit cannot really neglect the capacitance; therefore, the
actual head current is determined by EQ 5.4tfor a step function, using the

circuit of Fighre 5.2B.

1
(LS + Rh) TS
A 1
i + Rh + , '
. V sig (s) LS + Rh + CS (5.4),
h L 1
(LS + Rh) CS
3 R+ T [(LS + Rh)
LS + Rh + cs

This breaks down to a third order step:

~Vsig (s) (5.5)

s[RLc.s"+,(R/eAc +l_)5 + K‘.+@]
» ' . ‘//t/fa.
A11 this slows down the rise time/widens the transition width which in turn

widens the PW50.

Another circuit that could be used s shown in Figure 5.4. Herethe
write currenghis determined by the series combination of R, the head circuit,

and the saturation resistance of the transistor.

V - Vsat

h(DC) f' E—:fag“——' (EQ 5.6)

I

6.4
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The transient behavior is the same as EQ 5.5 only V sig is rép]aced

by +V.

It should be noted that the rise time is affected by the storage time
of the transistor. If the storage time is very small compared to the
transition time then it might be a useful circuit. Note that the transistor

current is nearly double beiné

1, . Y-Vsat .V - Vsat (EQ 5.7)
X R + Rh R

The power dissipgtion'in the resistors are very nearly constant. The
voltage breakdown requirements for the transistor include the voltage developed
across the head at turn off time due to the inductance. This can be nearly

the same as +V meaning the transistor will see 2V during the transient.

The damping of the head for a zeta of .95 can be accomplished by the

~ collector resistors or by the addition of a third resistor in parallel with

the head.

Tolerances on the Resistor, the Vsat, the supply, and the head winding

resistance determine the range of write current expected in a manufacturing

run.

A third circuit is shown in Figure 5.6. Here the transistor storage

time is eliminated, but the current source must supply nearly twice the head

6.5
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current as is also required in Figure 5.4. The commutating diodes are
eliminated by making +V equal to twice that required which leaves a bias of
+V on the collectors. This accommodates the negative V swing of the head
without safdrating fhe transistor. A penalty is that the transistor power

dissipation is high. The average Pw being for the transistor,

p = +V - + - .
w ave (+v ,Is%r Vbe Vb)Ig (EQ 5.8)

The time domain transient equation is the same as equation 5.9 and 5.10

1
I(s) T
(EQ 5.9)
h = §s2+ REs + IF)
I(s) Wn2

S(SZ+ 2(HnS ¥ Wn?) (EQ 5.10)

The transistor voltage breakdown requirement is 1.§ V due to the voltage
 rise resulting from inductive current. Again fhe damping is achieved via.
2R or a third resistor in parallel with the head. It;willlbe noted that the
current thru a resistor at switching time goes from I/2 to 341 during the
transient and back to I/2 again for one half of the cycle. On the second
half cycle it goes frdm +I1/2 to -1/2 and then back thru zero to + I/2 again.
The degree of achieying these excursions is controlled by both zeta and the

head capacitance.

6.6
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The peak power dissipation for the resistor is threfore approximately

3]
PR peak < () (v) (EQ 5.11)

occurring at time A on Figure 5.7.

A fourth circuit énd its variations can be used which reduces the power
dissipatfon by requiring a current source of only I instead of the 2I as used
in the previous two circuits. The basic circuit is that of a current controlled
bridge. In this circuit the current path is controlled by a pair of emitter
followers in the upper half of the bridge. The base voltage swing Vbl - Vb2
must be large. The negative going portion must be greater than the voltage

developed across the head during switching. fée 54

The average power'dissipation of the Upper transistors is half the DC value

if the signal on Vbl - Vb2 exceed the transient head voltage.

p _ (v - Vby, + Vbe) I -
~T(yor2) 2 (EQ 5.12)

The head current equation is the same as in EQ 5.10. If the input Vbl
and Vb2 is less than the transient voltage then current must flow thru T1 or
T2 during a portion of the transient; therefore, the power dissipation is

“increased by that current f]owihg times the V-Vb difference.

PT1 = (V - (-Vby) + Vbe) It (EQ 5.13)

Where It is that portion of Iy supplied thru the transistor.

6.7
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R/W BLOCK DIAGRAM

The modificatfbn of the head current is due to a portion of I source
being supplied thru the non off upper bridge transistors. One disadvantage
of this bridge circuit is the circuits that are required to drive the bridge.
These circuits also have power dissipation particularly the circuits driving
the upper half of the bridge due to the large swings required, and if fast

speed is required, low impedance, high current.

There are several circuits that may be used. Note the phasing required.
Because of the various propagation delays and turn on - turn off times, the
bridge may exhibit current spiking where both é:;;;;:;;ns may be on momentarily
at the same time providing a path directly from +v to the current source. |
Fortunately, the current source prevents the larger currents that occur in

saturated bridges.

With these drivers the current sources determine the swing available.
The tolerance of the various resistors and the tolerances on tﬁe current source
must ensure adequate swings on Vbl and Vb2 to maintain an unaltered current
waveform. Care should also be exercised to minimize this margin as the power
dissipation of the bridge depends on these voltages and the current. If téo
large a margin is provided, A in Figure 5.9, then the lower half of the bridge
has a higher than necessary dissipation. If not enough margin is provided,
then the bridge saturates and rise time is degraded. Further if the swing on
Vbl - Vb2 is small then the upper half of the bridge experiehcés a higher
dissipation. Normally, the upper half of the bridge only sees the difference

+V and Vbl or Vb2 times the current source value. By using the circuit of

Figure 5.11B this is minimized. One nice thing about the combination of
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PUBLICATION INTENDED. ALL RIGHTS RESERVED.

R/W BLOCK DIAGRAM

Figure 5.8 and 5.11B is that it is easily integrated. Integrated circuits
cannot tolerate PNP switches at either high currents or high speeds, therefore,
thgyare avoided. This last combination is very effective for two terminal

thin film heads where the voltage transient is below the base - emitter éégéf
voltage. Those heads that have large voltage transients must necessarily

use a different circuit such as Figure 5.6. The head field for all two terminal

heads is proportional to NI. The read back voltage is also proportional to

N d¢/dt.

There is another class of head circuit that is very popular for reasons
to be discussed later under multiple heads. These heads feature a centertap.

They are therefore a three terminal device as Figure 5.12.

The circuits used to drive this head are necessarily different. One
principle is immediately obvious and that is that the write curfent flow is
into either terminal A or termirial C and out terminal B depending on the

direction of the writing flux desired. The head inductance is preportional

‘to N2; therefore, the number of head turns required for the same N I as preVi-

ously discussed needs to be double, therefore the inductance is multiplied by
four. One advantage is that the read back voltage is twice the previous value.
Bandwidth restrictions force the use of a total of N turns therefore the

readback voltage is the same but the write current is double to keep the

same NI.

The head circuit can be either the full differential, or it can be

half where the inductance is equal to La_c/2 (EQ 5.14) as can be seen by
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R/W BLOCK DIAGRAM

La.g *+ Mg ¢ (EQ 5.15) where Mg_c is the mutual inductance of the section
B - C reflected into A - B. The capacitance for the half equivalent is twice
the value of the differential capacitance. The damping resistor is half.

A11 this is shown in Figure 5.13 A and B.

L Total = Lp . ¢ = Lag * Mg.c * Lgc* Mas . (EQ 5.16)

"f"LA -3
Either circuit will yield the correct results when used in equation 5.10.

The circuits that are used are discussed below.

The first circuit is the saturated switch version as shown in Figure 5.14A

and B. In Figure 5.14A the DC current is established from EQ 5.17.

- V - Vsat -
I =

hDC ‘ Rp - (EQ 5.17)
'R+? A

" Worse case values can be assignéd that give the range of currents over
production runs. Note that the current I is only pasSing thru half of the
héad windings when calculating the current for the field required. This

circuit is only useful where the storage time is acceptable.

The damping resistor Rp is not affected by the series current determining

resistor R in contrast to that of the two terminal head circuits of Figure 5.4.

The voltage excursions on the collector are the same due to twice the
current. No commutating diodes are required as the voltage on the collectors

never go below ground.

6.10
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R/W BLOCK DIAGRAM

For this circuit, though, the collector - emitter voltage breakdown

must be greater than twice the +V supply.

The circuit of Figure 5.14B is different. It also suffers from storage
time in the switching transistors, but the voltage waveform is different even

though the DC value is identical to EQ 5.17.

It will be noticed that the collector voltage goes below ground, while
the second one goes to ground. This requires commutating diodes, also a second
look at the equivalent circuit. The commutating diode places both ends of
the head at near ground forcing a head equivalent circuit of just a series Ry
and the inductance Ly for the duration of the conduction of the diodes. The
time for rise during this period is essentially LA-C/Rh which can be very long. K
When the transient voltage reduces as the chahge in current drops, then the ' :)
circuit reverts to the standard parallel RLC of Figure 5.13A or B. Obviously

this is not a desirable circuit.

The most popular circuit is shown in Figure 5.16. Here the full speed
can be achieved but at the cost of transistor powér dissipation. The voltage
V is chosen to keep the negative transient voltage at the collectors above the
input Vin +. The damping resistor is chosen to satisfy EQ 5.17 for a zeta of
0.95. ,

1
I =0.95 = 2WRC ~ (EQ 5.17)

The waveforms are shown in Figure 5.17. Notice the collector voltage relationship
to the base voltage marked as 'margin' also the peak voltage to the Vw level

that must be Within the VCEO breakdown yo]tage, (collector to emitter). ;)
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R/W BLOCK DIAGRAM

For a P maximum we use EQ 5.18.

P

Mrx T (Vee MAX'- Vb, Min, + Vbe MAX) T source MAx  (FQ 5.18)

We may divide power by two only if the switching signal has no dc component.
If the DC average of the input waveform is not zero, then some other factor
must be used. Its value will lie between 1 and 2 depending on the asymmetry.
Another consideration is the length of time one transistor is conducting. This
is due to the thermallag of the transistor structure. For slow waveforms

- the power dissipation must be considered as the full value even if there is no
dc component of the input signal. Localized heating of the junction may exceed

the allowable junction temperature.

. The junction temperature for all circuits can be calculated using the

transistor thermal resistivity value published for that device.
T3 = (Rye + Rea)(OC/W) (Pw Max)(Watts) + Tp Max . (EQ 5.19)

Where Ryc is the thermal resistance in °C/Watt from junction to case,
RCA is the themal resistance in °C/watt from case to ambient air

PWyax 15 the power dissipation in watts, and Tp is the ambient maximum

temperature in oC.

For best reliability the junction temperature, T3, should not exceed
100°C even though a device may be rated to 125°C or even 150°C. The temperature
rise is the first half of the equation. It may be modi fied by adding a heat

sink which alters the parameter Rgp. Nothing can be done for Rjc though.

6.12
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R/W BLOCK DIAGRAM

Air flow also enters into Rcp value and is usually published as a family of
curves. For writing circuits the power dissipation is fairly high in

comparison to standard circuits particularly as large currents are required
in high inductance circuits. The requirement to keep the collectors out of

saturation forces hignér collector voltages.

£ ) (EQ 5.20)

ISource( I+

Iy
BASE DRIVE

A further consideration is the base drive. The impedance of the base
driving circuit needs to be kept low in order to reduce the Miller effect
feedback. Ifbthe input impedance is high the head voltage transient will be
capacitively coupled to the base circuit possibly forcing the transistor back
out of conduction and the opposite transistor back into conduction. Figure 5.18
illustrates this efféct where the dottgd line represents the feedback fhru.
Mi}]ef capacitance. The transistor £ also requires consideration when
designing the base driver circuits. It also affectsthe current thru the head
and the current source. A1l the circuits previously mentioned that are driven
from current sources will have these limitations. Those that are saturated

switches will have only the Miller effect to contend with. Equations 5.21 and

5.22 describe these effects.
‘ Ic

{
h I source - B I,Wm -—T:;) (EQ 5.21)

4
Vh Transient  (EQ 5.22)

—
]

Vin

V base

— + Rin
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TIME DOMAIN SOLUTION

The time domain solution for the head voltage and the head current a§~

described in EQ 3.11 and EQ 3.14 are given in EQ 5.23 and 5.24 respectively.

*@*’ow cMmopier =3

2 .
I(s) L Wn - IL Wn _-THnt_.
= == e sin(f1 -2 wY (£q 5.23)

(S2+ 2zWnS + Wn2) 41 - ¢2

l -IV(S)

-1 -1 I(s) Wn2
I =
j\ (s) l S(S2 + 2zWnS + Wn2)

1 - dint

. . .
- _ 4 . 3, _ —_— .
111 4T=f;21e s1n(Wn1/1 r2t - tan T ) | (EQ 5.24)

J1 -2

It may be noticed that most write driver circuits bases are driven differentially.
Thfs type of inpqt'is forgiving of any s1igﬁt unsymmetry in the input waveform
as long as the unsymmetry is repeated on each input; This is illustrated in

Figuré 5.19 where the crossovers are not occurring at the centerline due to

's]ope unsymmetry. Such unsymmetry may be caused by variations in rise and fall

times. A typical switching input swing requirement for differential unsaturated
switches is about 1.0V. This value guarantees total cut off of the opposite
transistor. We assume that 0.4 volts Vbe are required to bring a transistor

into a slightly conductive condition and by 0.7 to 1.0 volts the transistor

is completely on. When using transistors with larger Vbe sat voltages, they need ‘

to be provided larger input swings in order to correctly switch them.

6.14
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WRITE VOLTAGE CONSIDERATIONS

Since the write voltage transient forces the«col]ector voltage to be
high to accommodate the swing, we might profitably look at what we can do
to limit the total swing. Restating EQ 5.23 again, we can ignore the time

varying terms and -just look at the magnitude portion as shown in EQ 5.25.

I L Wn _ o
v r — -(EQ 5.25)
1-7¢2

by substituting KN* = L and ignoring the damping term in the denominator

as 1 is a constant for all write system = 0.95, we get:
Lk MK (g 5.26)

KNZC 1c

Now we see that NI is proporfionallto the flux requiréd to saturate the media.
For a given head - Media interface, NI is a constant. If we change the flying
height and/or the“gap length in order to reduce the current then we can‘reduce
the transient voltage, buf Just reducing I forces N to be incfeased to keep

the same saturatiﬁg flux which accomplishes nofhing. The only bther alternative
is to either improve the head efficiency byvreducing the throat height provided
we can do so without saturating the core pole tip-or increasing the capacitance.
This Tlatter will Tower Wn which increases the rise time which may be excessively

detrimental.

WRITE PULSE SHAPING

One'way to improve the rise time ‘in a head that requires a large number of
turns, such that the Wn is lower than desired, is to pulse the current source

in time with each switching edge. The effect is to force the head current to

6.15
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WRITE PULSE SHAPING

rise towards the higher value and then just before the required current value
is reached to drop the current source value to its normal value. A penalty
for doing this is that there is a voltage across the head capacitance remaining

that needs to be removed before the head current can settle to its final value.

" The width of the pulse will require careful control in order to orchestrate

the desired result. A circuit for doing this is shown in Figure 5.20, along

with the waveforms in Figure 5.21.

As can be seen the voltage transient is very large. The rise is fast
during the pulse then it reverts to a'negative slope until the transient is
over. The equation takes the form of two parts where the

Im Ip

v, = - 7 | (EQ 5.27)
Sa-B - Spec | | T

notation is for two step functions at differing times and Im =1 + Ip (EQ 5.28).

- B. _PRE DRIVER CIRCUITS

The circuits used to drive the Write Drivers can range all the way from a
direct connection to the Flip-Flop to a intermediate amplifier or switch that

is used to establish the bias levels required and/or the base current requirements.

For the saturated versions the driving circuit need only provide the base
current required and a voltage output swing capable of turning the driver

transistors on and off. Standard.T?L logic blocks are usually sufficient.

"If higher base current is required an open collector output device can be used

efficiently. An example of both is shown in Figures 5.22 A, B, and C.

6.16
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For the non saturating switches either a T2L, ECL or a voltage translating

B. PRE DRIVER CIRCUITS

switch can be used. If T2L logic blocks are to be used, care must be taken to
~minimize the Miller feedback transients during the up lével by maintaining Tow _
impedances br‘by using pull up resistors as required in the saturated versioh;
ECL 1o§ic has the advantage of low impedance and a voltage swing sufficient to

switch the driver transistors.

If the write drivers are PNP and the head is tied to a ﬁegative voltage,
then the type requires no base translation as shown in Figure 5.22C but may
be connected directly if sufficient base drive is supplied. If the head
centertap is grounded, then the bases of the write drivers need to be drivén
from a potential sufficient to keep the driver transistors out of saturation.
Thfs function is best performed by a current switch unless the storage time of

saturated switches and their voltage swing can be tolerated.

With the cdrrent switch Pre Dfi&er both fhe‘impédance and the voltage
swing requirements can be designed in. Figure 5.24‘shows an NPN'driver with
a_PNP Pre Driver. The -V ref is chosen‘to keep the‘Nrite Drivér collectors
(3,4) out of saturation during the head transient. The bases of the‘Pre
Driver can be driven directly from either T21L or ECL logic blocks. This
kind of circuit lends itself to large separations between the Pre Driver
and the Write Driver wherein the impedance can be that of an interconnecting
cable for termination purposes. The current in the Pre Driver needs to be
large enough to'produce the Write Driver base drive voltage swing required.
When this circuit is worse cased both the Write Driver turn on and turn off
requirements must be met but also the Miller feedback from the head transient

must be allowed for. Lastly, the Write Driver base breakdown voltage Vber

.‘»\‘.\.\1;3(“"63 ude (}is\’%gy’!w\-ﬂk S;CW\&M 1
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B. PRE DRIVER CIRCUITS

must not be exceeded. These equations are complicated by the base current

requirements of the Write Driver. A set of equations follows.

A wa.D.m;gn

AV y
bw.Dmax

Prg = Ly (( e S LY E

-

r\. .
. ] - -}
Isourge - - Isource, ——— Rp3 -
mml( Blm'in+|) 2 ﬁ..min"'l min  (EQ 5.29)

&

[, : |
Isourcel(l- ————)- Isource || Rpax (EQ 5.30)

max 2
B,max +1 S max2 B nay+ |

2 1 H'pz....,., (606'30

A

Avbw%ax & Vber | (EQ 5.32)

If more than one Write Driver is desired to be connected to a common Pre Driver,

then due consideration needs to be paid ‘to capacitance as associated with the

RC of the Pre Driver load. One problem when driving long cables between the

Pre Driver and the Write Driver is that both ends must be terminated in the

characteristic impedance of the cable in order to absorb the transients associated

with both the Pre Driver output and the Miller feedback of the Write Drive.

This will ensure quiet operation with no reflections. A network can be

designed to drive multiple cables with their characteristic impedance at both

ends. A circuit for doing this is shown in Figure 5.25
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B. PRE DRIVER CIRCUITS

Symmetry shows that half the impedance of a twinaxial cable or the

impedance of a coaxial cable must be used for Zo'

i
R, (R, + =0 ) (EQ 5.33)
Ry + R, + 2y

7. = R
<. = ——— = 2 +
0 2

The voltage swing at the bases of the Write Driver will be a function of the
two current sources as before (EQ 5.29, -30) but now R needs to be modified
to include the effects of the network. This is best illustrated by conéidering

Figure 5.26 when only one Write Driver is activated and the second is idle.

R

. 3

' B, + 2+

o = Isource, Ret 2+ RR) (EQ 5.34)
: 1+8 R2+823_+_2R1 ,

v -
A 2 ’ (EQ-5.35)

R
R, + R+ 23
1 2 2

This is the base3 to base“ voltage with no base current effects from the

Write Driver.

6.19
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" C. CURRENT SOURCES
o Fo CURRENT souRc
i

The current sources considered are those used to generate the write

current. gevgra1 design requirements must be met,/ First the current source

S ET—

must be stable with temperature and supply voltages. Second the manufacturing
. . ”-——

tolerances must be minimized. Two circuits are considered here. The first is

the zener controlled emitter degenerative circuit of Figure 5.27. This is

shown as a Qggative,qgrrent source.
T s

N

For this circuit to function correctly the voltage on the collector of
Q1 must always be more positive than its base. This prevents saturatiqn.
When the collector is connected to the Write Driver this means that the most
positive base of the Write Driver must be at least two Vbe drops above the
base of Q1. Notice that the Diode D1 is added to compensate for the Vbe of
Q1 over temperature. This is only true if the diode characteristics of both
Q1 and D1 are the same and the currents are the same. Doing this is rather
wasteful so a cbmpromise is made allowing a degree of temperature compensation.
The zener D2 is chdsen for a sharp knee}or at leaét.a fairly flat zener potential
around the maximum and minimum currents expected thru R1. If the diode drop
Vp1 is the same as the Vbe at the operating current then the current source

is essentially:

V2 /. 4 ) ‘ (EQ 5.36)
R2 Bl+'

Since this is fairly ideal we need to consider the whole circuit. The circuit

includes the T*L interface and Q2.
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C. CURRENT SOURCES

First'we will saturate Q2 for a maximum of 25 ma. This will ensure that the

zener will be operating well past its knee.

5.ma > _ +Vmin - Vbe,max - Vsat, _  Vbe max (EQ 5.37)
B, Ibz R ;max R, min

With Q2 saturated we can proceed to the input of Q1.

_ L » _
I, = (+Vmin - (-V min) Vn Max z Max \‘/%—101( I . (EQ. 5.38)
min R, Max B, Min

The voltage at the base of Q, will be, realtive to the minus supply, as follows
if we ignore the fact that the first term Vzmin is contrary to Vzmax used to

calculate Iz pjp as given in EQ 5.36. : : e )
Yo = VZgin Ry pin(Iz pin) * VDI+ RDlm'in(lz)mivn (EQ 5.39)

Therefore the current source will be:

ISOUY‘CG

_ VD min - Vbeipay (Blmin ) -1 (EQ 5.40)
= , - @, :
min Rzmax

I+ 81 min

If this current source were to feed_ the Write Driver of Figure 5.16, then the
actual head current would be reduced by the base current drawn by the Write

Driver as indicated in EQ 5.20.
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C. CURRENT SOURCES

The maximum write current can be found as follows:

o= (V) -V Y i |
I, - max max D,min z min Mv?é-—lo { (£Q 5.41)
e ’ R min 1\ g, max
vb1max = VZmax * Repax (IZ max) * vDlmax * Rpimax (1, max) (&a 5141,)
I _ Vblmax - Vbei., B mAx > (EG 5"”)
SOUrcenax R,min I+ 8, max

The manufacturing tolerance (more than worse case) is then:

AIsource ) ‘Isource max ~ Isource min. (EQ 5.44)"

It should be noted that several factors can be controlled by choosing both
the zener voltage large compared to Vbe, and Vp, and using a temperature
~compensated zener with 1% or better resistors for R,. Also closer tolerances

on the zener voltage Vz and the zener impedance Rz.

Going back to the saturation curves of Figure 4.8, we can see reasons for

a small delta I sourcé when we are forced to use thick media where the
saturation curve rolls off. If we are using ¢k~ media where the saturation

curve is flat above saturation then we can use cheaper wider tolerance parts

for the current source.
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C. CURRENT SOURCES

We can.go thru a similar procedure if we choose a positive current

source.

The second type of ;urrent source is the current mirror. This circuit
finds favor if the whole is to be integrated on single chip. The circuit of
Figure 5.28 is a simple Wilson current mirror. The requirements for stable
current are the value of R; and the matching of Ri, Rz, Qi and Q.. Often the
current thru Q1 is multiplied by the junction area ratios of Q1 and Qs with
due consideration for the periphery of the emitters. The function of Q2 is

to supply base current to Q1 and Qs bases at the cost of the error Ib2 .

I I
I, = IError = (Cby + 7bs) (EQ 5.45)
2 . Bz

Current multiplication can also be achieved by varying the relative value
of R, and R,. Since the resistors in integrated circuits typically have a
tolerance of 25%, this means that some other resistor type must be used for

Rs or it can be laser trimmed as one manufacturer has done.

Power dissjpation for both types need to be calculated to ensure the
junction temperature is not exceeded nor the devise forced into second breakdown.

The output voltage is simply the conducting base voltage of the write driver

less one Vpe or V. max.

p . Is Vbe min
Psource (Ve max - Ves min)I o ., + (EQ 5.4¢)
~AY ﬁ +1 B"n‘:— '

nAx
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D. DATA | : N

AL

In most recording applications the Write Data is received on multiple
lines which must be converted to serial form before writing on the media. This -
is easily handled by a bara11e1 to serial convefter under the control of the
write clock. The output of the shift register, or serial data is then changed
to pulses if the data i§ true, or no pulses if the data is false. These
operations are shown in Figure 5.29 which includes a means of providing
alternations of the input lines to the Write Pre Driver if used and/or the
Write Driver. The alternations in input level provide the current switching

which in turn provides the flux changes of the recording.

The function of the 'and' block A can be modified to suit the code used
for recording by the use of an encoder. These circuits will be covered later
when we discuss ches. There is one other function that can be included in the‘  v:)
Block A andlthat has to do with Pre Compensation. Consider_fpr a moment the
transition density curve Figure 4.3 and the interaction between transitions
that cause the reduction in amp]itudevand pulse shift. When writing a data |
- pattern there is not a constant density but discreet changes in density depending
on thebdatg content and the code used. The plot for bit shift or pulse shift
included in the density curve was achieved by measuring the peak spacing between
two adjacent transitions separated by long areas of no transitions. This type
pattern'can also occur in a data stream for some codes. If we were to write
the transition in such a way that a pulse that is shifted early in time compared
~to its true position could be compensated for by writing the transition late.
Similarly a pulse that is shifted late can be corrected by writing it early.
‘Thus when this signal i5 read back the pulses are very nearly back to their

true position. This is know as Pre Compensation. When a head - media choice ' {)

6.24
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is made for a particular machine design, compromises can be made that can increase
the density beyond that safety obtainable by using Pre Compensation. Generally
speaking for the FM codes Pre Compensation is advisable below a resolution of
0.7‘and definitely required below 0.6. The.subjeét of codes is discussedllater.
The circuits chosen to implément Pre Compensation must consider any parallel
delays in the logic paths as any unsymmetry there will write bit shift. This
can best be_achieved by using logic gates from the same clip for all parallel
functions. As we begin the design we need to determine the number of discreet
shifts required; These depend on the code used and the transition density
chosen. For example, one code might exhibit two levels of bit shift, ¥ 5 and

* 9ns. These are sufficiently far apart that it would be expedient to design

a system that imp]ementéd the shifts. A truth tab]e_then needs to be generated
that describes the paftern and the expected shifts. We will leave this function

- to the'chapter on codes as the implementation of the code is done simultaneously.

ThisAwi]I suffice for the present.

‘We have now completed the blocks used for writing with.a single head. There
~were many blocks described for each function. How they are put together and
which block is chosen depends on the poﬁér supply, biasing, bit timing vs.
circuit delays such as saturated traﬁsistors, intended cost goal, and the

head - media interface magnetically and electronically.

6.25
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Rgferring to the block diagram Figure 5.1, locate the Read Pre Amplifier.
This particular block determines the basic signal to noise ratio of the
machine. It also provides the functions of signal amp11f1cat1on and impedance -
change. When reading a head signal which is the result of the a% of the
recorded transitions the windings of the head are connected to the Pre Amplifier.
The amplifier also has some input capacitance and some input resistance, Zin.
Since we are concerned with a maximum voltage at the Pre Amplifier input for
voltage amplifiers, the concept of impedance matching is incorrect. We must,
however, properly damp the RLC network as previously discussed such that we
~have a zeta of 0.7 for a maximally flat bandpass. Now R and C of the head
adds appropriately to the Zin and Cin of the amplifier and must be included

in the calculations.

Single ended amplifiers, which most engiﬁeers are familiar with, have poor
common mode rejecfion meaning that for any ground shift voltage, power supply
voltage noise, or magnetic and electric field noise coup]ed:into the signa]'
leads the amplifier will treat them as if they were signal. This is |
disastrous for high speed magnetic recording. For this reason 511 wide
bandwidth reaa amplifiers use the differential connection as illustrated in
Figure 6.1; Differential amplifiers have excellent common mode signal rejection

and common mode power supply noise rejection.

Tﬁe differential connection itself needs some basic understanding. Head
signals aré usually referred to in volts, peak to peak, Differential. This
--means that the voTtage across the two inputs or outputs is measured between
the two inputs or outputs as a ﬁeak to Peak value. An oscilloscope is the
usu§1 measuring instrument. The usual oscilloscope set up is A - B for the

two inputs.
7.1
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If we measured 2 mV PP differential signal between points A and B, we
would then expect to measure 1.0 mV Pzﬂbetween point A and ground also from
point B and ground. This is referred to as 1.0 mV PP single ended. (S.E.)
The term "differential” ﬁeans the difference in voltage between terminals
A and B. In FigureAG.ZA we can see that the voltage difference between
terminal A and B at point C is +0.5mV - (-0.5mV) = +1.0mV (EQ 6.1).
Similarly, at point D we measure -0.5mV - (+0.5mV)=-1.0mV  (EQ 6.2).

The resultant waveform would be a voltage with an amplitude of
l.QmV - (-1.0mV = 2.0mVpp differential (EQ 6.3). We could look at the

following relationships.

2mV PP diff = 1mV PP SE =_0'5mVBP SE (EQ 6.4)
4where S.E. is single ended, and B.P. is base to peak.

We could add to fhe comp]eXity and say that this signal is 0.707mV RMS
Differential or we could say it is 0.3535mV RMS single ended.‘

‘ With the above background we can now talk about the amplifier itself.
The parameters we are most concerned with are high gain, wide bandwidth, low
noise, low output impedance, and high input impedance with a differential

connection and high common mode signal and power supply rejection.

The input signals are typically in the low millivolt to microvolt range.
_This immediately requires that the amplifier noise referred to the input -
must be»considerably lower than these levels. For example, we require an
amplifier that has a'Signal to Noise ratio of +30 db, meaning

S
20 log N = 30 db (EQ 6.5)

7.2
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For an expected 1.0 nVPP signal, S, we need to first convert this to

.3535 mV RMS differential. The noise 1imit can then be calculated from

Antilog _3.2.. = 31.622 =4,_S_ = '0.3535 mV RMS
20 N N, (EQ 6.6)
N o= 393V RS )47 micro volts RMS Diff. (EQ 6.7)
31.622

If the amplifier gain were 100 then we would expect to measure 1.117.mV RMS of
noise at the amplifier output. The amplifier input impedance and the source
impedance play a domihant role. There are two sources of noise to consider,
first the voltage and shot noise, meaning with the inputs shorted together we
would measure an output noise equal to this internal noise voltage source times
~the amplifier gain. The second noise source is a noise current. To develope a
voltage we simply multiply thisfhoise'tfmes the input ciréuit impedance. In our
case tﬁis is an RLC circuit; therefore, we would expect it to vary with |
frequency. There is a third noise source called %‘ noise, but as this is below

‘a few cycles and most magnetic recording occurs at much higher frequencies, we

can effectively ignore this noise.

If the head were purely resistive then we could add the two noise sources

as the root mean square:
K 4/Vn"+ TAR™ = K(effective noise) (EQ 6.8)
where K is the gain of the amplifier and R is the resistive head.

7.3
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This becomes complicated as we use the true head impedance. The noise is
no longer white noise, but is coloured by the reactive head, Figure 6.4. Generally
we connect the headand measure the noise as a total noise instead of trying to

separdte the various types of noise.

We may choose a commercially available Pre Amp]ifier!or we may design our
own. The Fairchild ua733'is one that has desirable characteristics. Flexible
gain, reasonable input impedance, fairly low output impedance, very good
Common Mode Rejection Ratio and about 121V of noise measured in 10MHZ bandwidth.
The amplifier bandwidth is around 70.MHZ. A variation of the jia733 design is
the Signetics SE592. The baéic difference is in the use of a pair of current
sources instead of a single source supplying the first stage. The basic
connection is a common emitter differential pair driving a common emitter
second~stage with shunt feedback. The output stage is common collector. { :)
Tﬁese two commercial devices will suffice as 1bng as the head siQna] is
several mV miﬁimum, and the head impedance is low. - When lower 1eve1‘head
signals are involved, then a better amplifier is needed; There is another
connection that might be bétter and that is the cascode stage. Heke the
input impedance is about the same, but Mi]]er feedback is considerably reduced.
The shunt feedback connection does reduée the Miller feedback from that of
a straight gain stage using a common emitter circuit. Compare these circuits

in Figure 6.5 thru 6.7.

The low noise is achieved by the use of transistors that have very low
base resistance Frib. A selection can be made based onyib, breakdown voltage

and Ft' If desired, the amplifier could be designed and integrated as

e )
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READ CIRCUITS
an IC using the'design rules for the pertinent parameters.

We will design several Pre Amplifiers here in order to show the method,

considerations and procedures.

The basic amplifier will be done first; see Figure 6.8. Simply, the
input impedance differentially is equal to 2('e + Rm) Bcg (EQ 6.9).
There are other considerations involving the collector, but we will ignore

- R
those. The output impedance differently is 2(—5 + re2 + Rm) (EQ 6.10)

> R BEF;
The gain differentially is L or —RL__
2(re, + Rm,) Te, + Rm, (EQ 6.11)

where Te is the emitter resistance, Rm is the bonding resistance internal to

the transistor.

These simple equations suffice as they will give us the true value within
a few percent.‘ If we have chosen a transistor with sufficient Ft, then the

bandwidth will be determined by the Miller effect and dny-stray capacitance.

The Miller effect is worse if the input source resistance is large and

less if it is low. ' from Fté €-9
V, R
= Vip + 1 : (EQ 6.12)
Rs + TS
| 1
=y —R Rs + ¢s (EQ 6.13)
Wre+Rm/\ RL+Rs + 1
CS '

7.5
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. | ' A
¢
substituting and rearranging we get: '
‘ 1
Vo . . R _
A = 71- - l)-(Rs + %) . (EQ 6.14)
n (re + Rm)(R_ + Rs +'L_1§)+R
L
If we allow Rs -+ 0 then we have the case of zero input resistance which is
close to the case of being driven by an emitter follower.
R = ’ Rl(tg.) '
s*0 , 1 (EQ 6.15)
(fe + Rm)(R. + CS) + R
1 A X o
.If the frequency is raised so that ,Eg1 = R_ in magnitude, then the equation
reduces to: ' ' : «( :)
‘ R, 2 R
A = - = L : (EQ 6.16)
(Ye + Rm)(ZRL) + R 2(re + Rm) + 1
which indicatés that the true -3db point for the zéro Rs case is slightly
lTower than where ‘Xcl = RL'
The whole object is to show that as long as we use the circuit of Figure 6.8,
we will not get good bandwidth even if we drive the inputs with emitter followers
in order to reduce Rs (Figure 6.10). |
Notice also that the bandwidth reduces quickly if RL is large. This may
be acceptable, though, so we will finish the design. The current source and
. the dynamic range needs to be considered next. The power supply +V can be .
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determined from the current source

Vo - 4y . Jsource (o Y/_8 ‘) (EQ 6.17)
de (2 N/ 7+B

In order to get sufficient reverse bias on the collector junction, we can refer

to the transistor plots of constant bandwidth as a function of Vg and Ig.

Choosing the Vcg for the best bandwidth, we only need to assure ourselves that

the negative output signal swing which is the input signal times the gain cannot

saturate the collector junction.

Vi

Vi B
\/,n gt InmaxX pp gp << (Isource) 1+g R - (EQ 6.18)
ma¥
8 : | |
and  \yp~Wpe << (Igo pce)( ] gl RL (EQ 6.19)

If these three equations are satisfied in the worse case, we have established

the +V level. For example, using the parameters below determine the values

required using the c¢ircuit of Figure 6;10;

B =70 Min
Fy @ 2.ma = 400 MHZ
Cob = 5.PF
Vin max = 10.MVpp pipe
F sig max = 5.MHZ

7.7
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First we will design for a bandwidth of at 1east 50 MHZ so that we have

READ CIRCUITS

control of the phase over a manufacturing run.
With an emitter follower input we can assure that Miller effect is small

therefore the roll off is approximately when [Xc, = R . Notice that we have
several capacitors in para]]el’Cob of the amplifier, Cob of the emmiter follower .
and some Cpe of the emitter follower plus stray capacitance.

Ct =2Cy, +Cpe +Cp =10 + 3 + 5 = 18-pf, (EQ 6.20)
assume 20pf

1 1
X, = = — = 1.59%x10% @ (EQ 6.21)
2nFC (2m)(5x107)(2x1071*

Therefore RL cannot be greater than 150 Q
At a current of 2.0 ma per transistor we need a current source of 4.0 ma.

- The gain of the 2nd stage is approximately

R ) ' : :

ot 150 : | fa §.22

A, = re+Rm =26 + 5 = 8.333 -
2ma

The V swing across the RL is

Ving, 10mv
v = A, = 8.333 = 41.665 mv pp se . (EQ 6.23)
RLpp 2 z 2

The max DC capability of the output V swing is

(IS)(RL) = (4 ma)(150 ) = 600.mv pp se "~ (EQ 6.24)
which is well Rbove the 41;665mv expected. \ \\\\ﬁ_ 0
0
: ’ . \ }\\ U
. , — WV
I.‘ ¢ \\ | | 7.8
e N N
B 2 T — WV
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We need about 5 volts reverse bias on the collector junction as ‘the Vcc

needs to be greater than

V4]

v Vp -V 5v ‘ (EQ 6.25)

cc , T RL

vcc -(-0.75V) - (2.0ma)(150Q) = 5.V

Vee >+ 4,55V

to allow for worse case conditons let us choose 6.0V for Vcc.

——

(;v'l(" .\'\"‘/ IR RO
The output quiescent voltage is then (nominal)

ch - VbC3 = 6.0, - (2.0ma)(1500) - 0.75v = 4.95v (EQ 6.26)

If we choose the negative supply as -6.0v then the current sourcs if a

resistoc should bé (nominal)
°X
3"” R - 'zvbe - G.OV’ =: 'I.SV -G.OV’ - I.IZSKQ (EQ 46.27) '

1 .
21C 4.0 ma

Similarly we can calculate the input emitter follower resistor for a

2.0ma current as (nominal) ‘"' § ¥ g
IVDe - 6.0\/' = ‘0.75 - 6.0‘ = 2.625KQ (EQ 6.28)
R, = 2.0ma 2.0ma :

The output emitter follower can only be calculated if we know the impedance
we will be driving. Let us assume we will drive a 300a load. Our output swing

is 41.66 mV This requires that we be able to pull down the emitter voltage

Pp:
such that it can follow.

,. e
¢ cwa€“'Co{0j;\w‘?§ﬁ, F\SK‘—? _
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Vo pp 41.66 mvpp ) ‘
Ro = “'560‘2 = 0.1388 ma required. (EQ 5-29)

Output capacitance will increase this value.

We can provide this current easily with our 2.0 ma sources

Vo - (=6V) 4.9y + 6.0v
5.45K, nominal (EQ 6.30)

Re =  2.0ma = 2.0 ma

The true gain is not the 8.33 of EQ 6.22, but is modified by the two emitter

followers.

The gain is approximately

| Ro Re 4
R TRe % Re. _ . ,
- 2. (8.333) rBO ngs : (EQ 6.31)
Cl"’ RZ 3 + io+ R6
(5.45K) (0.5K)
2.625K 5.45K + 0.5K
(8.333) |
%, 5o 26, (5.45K)(0.5K)
2 2 5.45K + 0.5K
(.995)(8.333)(.972) =  8.059 ,(EQ 6.32)

-The above was done to show the attenuation[of the other stages and in practice
—

you will measure very close to this.
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g\;P Let us look at the effect of the current source resfstor. If there is a 3

X
PV 1.0 vort

quiescent voltage to vary.

noise signal on the input, then we would expect the outpdt

v

It would be

sy = Ral = 2% (1500) = 0.1333 volts (£Q 6.33)
1.125k%

Depending on the balance of the circuit we would expect some of this change
- to appear in the output as a differential signal. Assume the balance was 2%

off then the output would contain 2% (0;1333v) or 2.666 mV noise.

If our minimum input signal were 1.0 mV then the output would be
: A : 8.059 .

(8.059)(1.0 mv) = 8.059 mv with a 2.666 mv noise for a SIN of 7666 - 3-02:1 (EQ 6.7 t)

which is disastrous.

Well, what can be done? There are several. One is to provide the'best
balance in both transistor parameters and resistor values, and second to make
Ry a current source. Now the current will not vary with noise and the current

balance is optimized. A current source is shown in Figure 6.12.

The current source is calculated as follows:

Jvl Ry - Ve

R, * R (EQ 6.35)

Ry

A\
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Notice the b1acement of the capacitor C. This is positioned in 6rder
to reduce noise across R, which determines the actual current. Its value
is high enough so that the lowest frequency component of noise is sufficiently

attenuated.

The second current source type is shown in Figure 6.12B. It is basically

a Wilson source.

Now we have got a very good idea of what the nominal case should be.
We have no idea of what will happen worse case. Let us pursue this as it is a
very important consideration. Worse case is always figured to use the various

parameters in the direction that emphasizes the calculation in the direction

desired.

The minimum value of stage current (non current source version) is obtained

by modifying EQ 6.27. (use 5% values)

|-2 Ve max - Vominl _ | (2)(0.80v) - (-5.7v)/

(EQ 6.365

I .
min Rl max 1181 @
= 3.471 ma instead of our desired 4.ma
S.x 2 ha
This includes the temperature effects on Vbe.
Similarly, we can calculate the maximum current
: i l-2 Voo min - Vo max [ i -(2)(0.7v) - (-6.34v)]
max | ,Rl min 1068 @

4.588 ma (EQ 6.37)

—
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T

* The output voltage variations are complex. We will take the straight S

forward case first.

-
v SRY I,'max ‘ Bz‘max’ \ _ Iamax' RL max — Vi max
0 min cc min — 2 \'1+8 max/’ 1+, min 3
’ .v, .. ! I
= 5.70v 4.589 ma 00| - =X 1570 — -8V (EQ 6.38)
2 1+ 300 1+ 300 | .

Notice that I, max really depends on V0 min, therefore, the current is not the
true maximum at all but less. We can best calculate a usable value by assuming

a straight 2 ma for I,and ignoring the fact that it is worse than worse case,

but this is acceptable.

v, 5.70V - (2.286 ma - .006 ma)157% - 0.8V (EQ 6.39)

min
4.460 V

Similarly we can obtain 'V, max

Vo max = Vec max — ‘s min) (£, min \\- s min R, mi i
¢ | 2 |\ 1+8, min/ 148, max | L ™n - Vbea min
© |[3.471ma) [ 70 2.0 ma | o
= 6.30v - ” T+ 70l - 1+ 70 143% - 0.70v
= 6.30v - (1.711 ma - .028)143 - 0.70v
= 5.36v (EQ 6.40)

There is a 0.9v difference between the two worse cases meaning that in

manufacturing we will see this spread.

7.13
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In actuality it is worse than this because we cannot buy discreet transistors

with Vbe's so well matched. Let us look at the Ic current again.

For thi; we need to refer to the Vbe vs. Ic curves as well as the

spread between devices. This spread can be as great as a tenth 6f a volt at

these currents. The unbalance then becomes,

0.1lv

2(26
Ima
2

4.41 ma , ‘ (EQA6.41)

A1

This means that one transistor is drawing almost all the current and the second

is nearly cut off - drawing only

4.588 - 4.41 = 0.178 ma

The amplifier is useless to us if built out of discreet transistors. Now do

you see the advantage of doing a worse case analysis. We can mddify the circuit

to force current balance by employing two current sources of half the value and
adding a capacitor of a suitable value between the emitter as shown in
Figure 6.13. Now balance is restored, but at the cost of a zero and Pole in

the gain equation (6.42) for low frequencies.

Ry
r. + Rm+ _i
e cs

>
1]

R, ¢S | (EQ 6.42)
C(re + Rm) S +1 ‘

7.14
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~
f" -
The gain curves #s shown in Figure 6.14. R,
Usually for a low voltage low current stage we do not need to worry about
the power dissipation of the transistors, but we will calculate those values
anyway. This combination cannot occur but 1t will assufe us that we are safe.
Pwmax = (Ic max) Vee max '
v
(4-588 ma\ B2 max \ ;o _|[ 4.588 majB2 max } Is? 1
= . ‘may Y D€
2 1+ Bzma’(} CC max’ - -max 2 148, 1+ ?ng RLmin

8.5882) (300 116 3y + 1.6v - [[4588ma| | 300| . 2ma
2 301 . 2 301 301] 143

(2.286 x 107°)(6.3 + 1.6 - 3.26 x 10™') = 17.314 mW - (EQ 6.44)

For a transistor that has a derating factor of 1.7 mw/°¢c this amounts to a

17.314 mw

= 10.18° C rise | (EQ 6.45)
1-7.mW/0C .

The two worst resistors’are R, and RG.. These are respectively

- 3 2
(l 2 Vhe min - Vo max[)® | 55 45 (EQ 6.46)

(1, max) (Vg max) = A
1 min

and

) +7V 2
(Is max)(vR max) = ( o Tax = maX)
Re min

A . |
(5.36V + 6.3V) = 26.26 mw (EQ 6.47)

5.177K
| )
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This completes the design except for the noise. This circuit is quite noisy
for several reasons. First the effective noise voltage source resistance rip is
. twice due to the emitter follower input rj; used to inérease the bandwidth and
the regulék'gain transistor input source resistance rj,. Second, the gain is
only 8.03 which is not enough to ensure adequate Signal to Noise ratio into the
following stages. Third, the common mode power supply rejeétion and common mode
input signal rejection is very poor. All this adds up to a poor choice. Some
degree of immunity can be achieved by using transistors that have lower Cob and
using current sources and an emitter capacitor. These 3 changes improve the
design and permit higher gain. The capacitor could be eliminated if the circuit

weve integrated where Vbe matching is typically better than 5.mv.

‘A much better circuit is the cascode amplifier. We will discuss this

next. It is easily integrated.

Transistdrs 5 and 6 are the cﬁrrent scoﬁrces,' The current is fixed by

" Rz and R; with R;. Transistors 3 and 4 is the first stage. Its emitter

- feedback is'ihru C and its load is rg of transistors 1 and 2. Then transistors
1 and 2 provide the gain where their load is Ru and R5, The output stage is

transistor7and 8.

The advantage of this circuit is that the gain of the first stage is one,
therefore, Miller capacitance is only 2(Cob). This devise can be made large
in order to ensure rijp is small therefore low noise. Bandwidth is determined

by R, and Cob of transistors 1 or 2 and these can be made small in order to

reduce Cob.

Let us proceed as we did before and start with the value of R, and Rs .

From 2N918 transistor data, 7.16
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Ty 2 cob

1.9pf @5.v

Fy 1.2 GHz

. » | (EQ 6.48)

21 F,(Coby + Cobs + Cs)

1 1
¢ 50.MHZ(2n)(1.9 + 1.9 + 3)p¢  (5x107)(27)(6.8x107%) = 4.68x10%0

use 450 Ry nominal.

. |
Gain A, = —L— - B0 _ o5 ininal (EQ 6.49)
: ve, * Rm, E—i—:+ 5q
| 26 _
.
GainA, = —=tfm . 245 g9 (EQ 6.50)
re, + Rm; 26 45
e2 2

Therefore the total gain is (25)(1) for the same bandwidth.

Next we will calculate the current sources for 2.0 ma each using our %6V
power supplies letting R, and R;= 5009 each.

Vs Rs  2(2ma) Rz R4 v
‘Ro+ Ry “ B+ 1 Ry+Ry ~ 'be

R, = T > 0 ma (EQ 6.51)
(6.0)(500) - '(4x10'3) ‘
) 1000 - (151 ( zson) - 0.75V
2x10~3
-3
= 3 - 6.622x107 - 0.75  _ y 19q

2x10°3
‘ 7.17
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READ CIRCUITS

‘Notice the effect of the R, Ranetwork'as a result of base current; it
reduces the effective base voltage. This is why we used 5005 each. If we

chose a value to save current then the loss could be substantial in the worse

case analysis. -

The output voltagq,Tx7becomes an interesting function of all the series
?

bases and the output base.

Vo = VCC - RL.(IRI)(]. -'(3>; 1) - Vbe7
g+ 1
= 6V - 450(2.0ma)(1 - 1_52;_. - 0.75v = 4.362 Volts (EQ 6.52)
1 ,

The value of R,_sfor the same 2 ma of current simply is,

Vv, ot 4.36 + 6.0v

Ry = — - = = 5.18K% (EQ 6.53)

2.ma 2.0ma

And lastly, the value of Re should be such that the variations in base current

~ of Tx yand , do not disturb the voltage.

Choose Id of 6 ma then

Vee - 2 Vg 6.0v - 1.6v

Re = —_— = ——_— = 733Q (EQ 6.54)

6.ma 6.ma

Now we could look at the bandwidth of the first stage collector. Since

A, = 1 the C effective is =

(1+ A)Cob = (1 + 1)Cob = 2 Cob = 2(5,¢) = 10.pf (EQ 6.55)

BW = —— =

2m RC z;y( -2-@)
2ma

1.22 GH
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READ CIRCUITS

or not worth bothéring about except for the effect on the imput impedance Z;;

For a 5 MHZ signal into our head circuit, we get the following due to the

differential connection.

If we choose a typical head with Ly = 10 yh, Cj = 10.pf and Cob = 5pf,

we can calculate R.

1 . _
1 1
CR = 2IW, .. R-= Ci2 JW, and W, = \/_"_ct—
1
Wn = V(10"°H)(1.5x10%F) = 8.165 x 107 rad (EQ 6.56)
R = 1 = 577.9
© (1.5x107%)(2)(.707)(8.165x107) _ (EQ 6.57)

At 5.0 MHZ this then becomes an attenuator a of the input circuit.

(R)(-iXc) (577)(-32.122K) N
o = R-jXc = 577 - j2.122K = 0.644 /5.48° (EQ 6.58)
X+ R(-jKc) 314 + (577)(@2.1221() f»njmn% ,
R-jKc 577 .- j 2.122K “
where X_ = ! = 2.122KQ
27(5 MHZ) (Ch + 2 Cob)
2
X, = 2m (5 MHZ)(10ph) = 3.14x10%Q

‘This value of attenuation is better than the case where Miller effect

is large which in turn both lowers the resistor value to keep { the same, but

also increases the capacitance which worsens the attenuation.

L T DR Pt~ .
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We could complete the design by doing a worse case analysis for gain, V,,
Power dissipation, and dynamic range, but we have already done that. The use

of the cascode stage only adds a slight complication yet permits a low noise

design.

The amplifier noise contribution can be calculated from the following

equation:

1 2 1 1
Vnp diff =2 _[(4kT Bw)(rip, + 2 gm) + 4 Zgg 1B (B, + ez(p))] (EQ 6.59)

where K is Boltzman's constant, T is the temperature in oKelvin, Bw is the
Bandwifth of interest,.ribis the base resistaqqe (base thermal noise),

gn = re is the collector transconductance (Zgm is the collector shot noise),
Zs is the Head impedance, 9 is the charge on the electron, I. the collector
current, E%' the Base current shot noise, and E%TF) the collector current
noise. The function of freqdency is that obtained from the usual noise -
freqdenéy curves. If the amplifier bandhidth is much higher than the frequency

of interest, we can use the value of B? unmodified. We will address this again.

Lastly, we should consider the two commercia]]y‘avai1ablé amplifiers.
In using these amplifiers great care should be exercised in adhering to the
specifications. For example, to rely on the typical specifications is to
invite trouble during a manufacturing run. As is done in worse case analysis
we use the paramgter in the direction fhét accentuates tﬁe result. When using
the pa733C, the gain at the 400 setting can be anywhere between 250 and 600.
T§ calculate the worse case for a minimum input signal we Qou]d use the gain
of 250 and when doing the maximum input case we use the maximum gain of 609.

Now we know what our true output variations will be. These then should be

7 .20
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considered against S/N ratios for the low gain low input case and against the
1ineariiy specifications for the high gain high input case. Assume our minimum

input signal is 0.5 mvpp diff, and our maximum signal 1515.5 mvpp~djff; The

S/N ratio is calculated from the input noise data. But the manual only\gives

a typical value. We could guess that this value might vary ¥ 6db and use\that in

our equations.

First we must cé&ert the 0.5 mVpp diff to RMS diff by dividing by VZ

2

to give 1767 x10~%V RMS diff i | })(;44’7( & peals
the S/N = 1767 X107V 4if = 7.365 ; - ’i (EQ 6.60)
-5 . ' S T Reg3
(21,200 ms aise) o [ axiee) L
\,J“"’r : ) e sy A
Al Qr‘"]/
in db it is 20 Tog 7-3¢5 =17.3¢¢db (EQ 6.61)

This value is very low, therefore, another devise is indicated that has

a lower noise or a narrower bandWidth-of interest. Similarly for the linearity

case.

This value exceeds the minimum output voltage swing into a differential load of
2.KQ2 by 0.3V. Again the devise is not suitable. Now these two examples were
only given to emphasize the parameters of interest that we should concern

ourselves with. As Tong as we use these parts within their specifiéations

we are assured of good performance.

What is the value of input signal that guarantees 30db S/N at 10 MH Bandwidth?’

min

Vin . = (2)(antilog —g%)(1.2x10'5 V)(2)V2 ) = 2146 mVpp diff (EQ 6.63)
PP -

7 .21
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If we restricted our Bandwidth of interest to 5 MHZ then we could we& -

signals the2 Tlower or 1517 mVpp.

Bw of interest /5.MHZ ~ i 1 | .
Bw given *Vio.mz = 0.707 = \75"' : (EQ 6.64)

Another parameter that requires attention is the offset. At the 400 gain

setting, the maximum output offset is 1.5 V which must be subtracted from the

- dynamic range as published as output voltage swing. Going back to our example,

what is the maximum input signal that we can accept and still use the devise at

this gain.

Vin  max = (\Opp min - Vosfset may) _ (3:0V,, - L5VA _ 5 cony (g 6.65)

PP A max 600

From what we héve}discussed then for a 30 db S/N we neéd 2:1¢ mVpp min
to input, from the maximum input we are limited to only 2.50 mV,Qr

Too CLoOSE for the restrictions we have placed on the circuit.

Lets look at this again for a gain of 100. Again the noise of EQ 6.63

~ holds. The Vin pp max needs to be ca]culated'at the new gain using EQ 6.65.

3.0 Vpp - 1.5,

Vin pp max = 110 = e mVp, (EQ 6.66)

s

which is much more sensible. Now we have at our disposal a dynamic range of

Z~h+ mV to +$vg mV that is guaranteed to meet our specifications.
P4

When using the SE 592 there is some improvement in the specification

- for offset. This is due to the dual current sources used in- the input stage.

This can be taken advantage of to increase the input dynamic range from

the last example to:

S

")
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. _{3.0-0.75]. .
V'lnpp max = —-—1—10— 20.45 mvad1ff (EQ 6.67)

We will need this feature in a later chapter when we are dealing with

considerable offsets ét the input.

Some improvement in the output swing at lower than 2K output loads ¢an
be achieved on both devices by providing mbre pulldown currént at fhe output
emitter followers. This must only be done within the limitations of the
dutput emitter followers current handling capability, the alteration of the
quiescent operating point due to the increased base current requirement and
the power dissipation increase. This outpuf pulldown current can be supplied
either from a pair of resistors connected to the negative supply pin or

from a pair of current sources.

These two devices then when used within their specifications can perform

quite well as preampl{fiers;

One added feature of the SE 592 is in its use of external feedback

elements that can perform network filter functions.

A second requirement for the pre amplifier function is to interface
with the following functions. If the pre amplifier, Read, and following
amplifiers are very close then the emitter followers provided in all the
examples given so far will'suffice to isolate the éo11ector load from

any following capacitance which is its purpose.

In most cases however the pre amplifier is mounted close to the head and
any head moving mechanism such as actuators, linear motors, etc. In these

cases the output emitter follower is not adequate to drive any intervening

cable. . ‘ 5 23

AR Xk e
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For example, if we expect a 3.0 V less offset pp differential signal

maximum, and we want to drive this into a 92Q or 508 coaxial cable pair, each
cable must carry a 1.5V, SE less offset/2 signal. At 920 Z  terminated at
Qgg end we need a current drive capability of over * 8 ma. For best Tineérity
an emitter follower should have over 10.ma current load. This can be provided
by a second emitter follower capacitively coup1ed.to the cab]e. A transistor
should be chosen to handle the voltage, current and power dissipation. The
function can also be provided by a common emitter amplifier with the co]]éctor

loads equal to the cable impedance. Both circuits are shown in Figure 6.17A

and B. Sy
N
N |
In Figure 6.17A we need to provide a 929 coaxial cable with a maximum
of 1.5V pp SE signal. (Use 5% tolerances) (EQ 6.68)
Vudc min - vbe‘max + IV-Imin 2.0V - 0.80V+ 6.7V .
\ " O
Z, min o 87.4~

tc allow some margin for linearity we need about 10% less or about 360.Q max.
The value of C needs to be large enough to handle the 16west frequency FL of

interest without attenuation

C. = 10
e (2 1d) (F ) (2,) (EQ 6.69)

TN
s
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4 . \
The maximum power dissipation in the transistor is
p Sy e R |_Pmax \
W max B max vbemax * Ve max - Vinming (Ig)|) ) gpmay (EQ 6.70)
and 1, = —Yinmin- Vpo max + v max (EQ 6.71)
RE min |
substituting we get
p i} [( L\n || 2.0v - 0.8V + 6.3v| [ 300
W max 1 + 300} 0.80V + 6.3V - 2.0V 324Q 1 + 300
= 117.7 mW | | (EQ 6.72)
with a T018 can transistor with 1.7 mW/ % thermal trans;onductance
we would get a 117.7 mv - 0 . N : Cqa )
A 1.7 m/oc 69.2° C rise at the junction. | (EQ 6.73,
The second circuit, Figure 6.178 is desi.gngd as follows:
The single current source required needs to supply, (this—includes 10%margin
A :
“for—Hirearity). \:\{7 ‘
V; 1.5V |
pinp = 1.1 [P = (11,1 = 18.8 ma min (EQ 6.74)
Z, Qmin 87.4
If this current source were a resistor to + 6v and Vin were +3.0 Vmax then
that resistor would be
V+ min - Vin max + Vpe max 5.7v. - 3.0v + 0.8v
Romax = 18.8 ma = 18.8 ma
= 186.19 (EQ 6.75)

The true resistor will be 5% less or 176.8 Q
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We ‘had best use a current source and we would get better results for

CMR performance.

“We next need to calculate the resistor Rg. If we design for a gain for
the stage of 1. then
+r +R =Z = - — - -
Rp + re+ Ry o Re . = 920 20 s 50 = 85.7Q (EQ 6.76)

Notice that we could ignore re + Rm as they are small compared to Rg. If we

did we would only be off a few percent.

The same stage could be designed with two current sources of half value
with a single resistor of 2 R, between them and still get the same DC and AC
‘results. But if the current were supplied by resistors, then the gain gquation

- is modified and the CMRR would be considerably degraded.

" We next need to verify that the transistors will not be saturated. If
we had a 3.0V min input DC and a 1.5V max AC pp signal SE then the base will
be -

v _.
- AC SE max - 1.5v )
VDCm-n 5 = 3.0V — . = 2.25V min (EQ 6.77)

The collector swing is the maximum current times the Z max or

(20.0 ma)(96.6Q ) = 1.93V | (EQ 6.78)

this leaves us 2.25V - 1.93V = 0.32V of margin worse case.



READ CIRCUITS

If we were to use the ﬁa 733 or SE 592 the VinDC would range from 2.4
to 3.4 volts so some restrictions would need to be placed on the maximum
output V swing to avoid collector saturation worse case.

If we héed SOQ.coax cable all the currents would need to be increased

1F E INTIND  TEAMINATIVGE TR i cAFck RAr [Lorn &~v/ THE CurLoyrr

accordingly. ate
il WNEEY LoRLPeTiON . (_l;; &l bi2B R, ;uny)

AND CAIN  REIIITORS

A better cable is a twinaxial cable. It consists of a shielded

twisted pair with good control of Z,. The impedance is Tisted as ohms
differential. For our 929 coax case, they could be replaced with a 184Q

twinax cable with all the equations for current ect remaining the same as 184Q
differential equals 92Q single‘ended. Normal twisted pair is around 1250
requiring increased driving currents for the same signal swing. The Z, of

the calculations is % the Z, of twinax cable. ,(F/a L-18A- 6) |

We will leave this exercise up to the student to worse case the design.
The main benefit of twinaxial cable is its inherent balance. This is required
for phase balance as well as amplitude balance which maintains the Common

~ Mode Rejection of the system while reducing noise pick up.

6.27



ADDENDUM FOR CHAPTER 6

A separate series of preamplifiers are used in tﬁe tape drive industry.
None are presently used in the disc drive industry, although some thought has
been given to their use. The preamplifiers considered are the common basg type.
This type can be made true differential by driving the centertap with a single
current source or by capacitive coupling and a pair of current sources. The
interposition of the diode matrix forces this type of coupling due to the large

offset voltages.

Figure 6.18 A thru C show variations of the same basic type. The gain of
these stages is not much different from the gain equations previously giVen.

We will develop this equation.

XRp is the total number of series diodes that would be used if a matrix
were required. It is for this reason that this type of Preamplifier is not
used in the disc drive industry. Also the.noise contribution of each diode
sh6u1d be.taken into account. The gain is a function of the head impedance.
Whereas the attenuation of the head circuit was prévious]y considered, it now

shows up in the total gain of the amplifier.

Deriving the gain equation as EQ 6.79, we can see the total effect. We
will not include a damping resistor as we do not need it because the amplifier

load is high (2re). From Figure 6.19 we get:

i
- E‘g K'r
{. = &+ Rr Vig) (EQ 6.79)
) 1 r |
'/{ L S + <s 7 >
T _ Z(g + R where ,?T: 2X R+ 2ATe
(EQ 6.80)
_ \/f':(s) __,_\1‘_222-—»—'———-
My ‘l— = ks SIS A
“& gL LCST4lS +Rr Ree (st £ tic
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which becomeﬁfin the standard form:

=

. Vigsy U (EQ 6.81)
(qup) Rr(s",pziwn’ + W, )
Fow V"o): 2R, Cmy X (EQ 6.82)
'Y A ‘/0(‘ 2 KL L‘/“z =
e PO T Tk (st fenst ) | | (EQ 6.83)
w;ncl“(. Ry = 2XR, + 20 = Z(XK’ 1'./\C)

We could cancel out the two's then to get
K, wn™ X
A(s) = (ka +/“¢_X S¥+ 2,;«/;5 + ‘*"'L)

(EQ 6.84)

which would be the single ended gain which is the same as the differential gain.

_ 1 : ‘
Since Ziwn " ReL we can see the effect of the series diodes and the
input resistance 2ro of the amplifier on the gain. The gain is inversely
proportional to the matrix diodes added.
If we were to damp the circuit for a zeta of .707 for maximally flat

current input and/or gain as a function of frequency we would need

Q —+ _ (EQ 6.85)
Seaus, 0= L 1 w. C (I-WUX waC) - '
If we had a 101h head with 25.PF capacitive load, we would require
N o™ . 2'5-’“0‘” %7 + o
o . - = . X ¢ -
Ry oy erreesy AR (EQ 6.86)

Obviously this would cut down the gain available considerably.

7.22
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' . - = (3 A h
If we restricted ourselves to 'K;'f = KB tle 43,4 then

the Bode plot as shown in Figure 6.20 is obtained.

- ‘\/ch) z“ ‘ (EQ 6.87)

A = = Se2¢Twe, o 815;0.: n2

xxc ~/mc -4 = (EQ 6.88)

= /-S‘}leo:‘p o 2gens * Ha

B =

4’

The significance of all this is that for signals of interest between the
corners we have a 6 db/octave gain reduction. It might be of interest to

compare the gain equation if there were no capacitor. fu 6214 6 . )

& 2 Re LS H2XK 2tk L5+ 2(x% +7e)
z

R

The Bode plot as shown in Figure 6.22 has only one pole located at ‘L/RT.
For our 10 vh head with 2(26)% series resistance it would be located at
5.2X10° radians or 8.27X10° Hz. The addition of the capacitance then makes

a considerable difference in the plot.

VThe advantages of such an amplifier, of course, is the reduction of
noise. This is achieved from two sources -- first the reduction in bandwidth,
and seaond thé very low input impedance lowers the electrostatic noise field
interference, but it does worsen thé electromagnetic noise interference.-
Shielding and twisted cable will then help. We will discuss the bandwidth ‘)
effectsAat a later time.

7.3a
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MATRIX. CIRCUITS

As shown fn the Block Diagram, Figure 5.1, when more than one head is
to be used alternately, or non simultaneously, then some means must be provided
to electrically separate the heads both during writing and during reading.
Early machines accomp]ishgd this function by the USe of centertapped heads

and a diode or diode transistor network.
First let us discuss the write separation function.

In Figure 7.1A two heads are to be electrically separated by the use of
dio&és. Current flow is from the PNP transistor T, emitter-collector to the
head centertap, thru 1/2 the head winding, the series diode, the conducting
Write Driver transistor and out the current source, I source. The reversed
voltages and diode polarities are used for the PNP version of Figure 7.1B.
Again, as discussed in Chapter 6 on Write Drivers, collector saturation is

avoided by providing a sufficient voltage on Vin of Vin to allow for the

transient, but now also the trahsistor'T,VCE sat and the diode drop. The diode

.dfrection is in the direction of current flow when writing so unless some
means of reverse biasing them is provided the capacitance of the parallel heads
is still connected during the transient. Resistor R are added to reverse bias
these diodes when the centertap transistor is cut off. The voltage chosen must
exceed the transient. When calculating transistor current this extra Resistor
current must be added.‘ The reverse bias voltage must be greater than the

transient voltage peak value. 'Figure 7.2 A and B show the relationships.

Figure 7.2 B is a good way to visualize the various bfas drops required
to maintain 1ineérity. The transients in both the negative and pbsitive
direction are compatible with the diode polarity; therefore, there need
| only be one damping resistor for all the heads, prqvided they are all the

same, of course, See Figure 7.2C. The capacitance of the head is increased

b
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MATRIX CIRCUITS

as expected as a function of the capacitance of the reversed biased diodes
and any parallel capacitance. This is shown in Figure 7.3. Looking at only one

side for convenience, we see that the 2 (head capacitance) becomes.
(o) s + 2C8)Cow *Crei)
(G + Cun 420.)

(Cp)(cw.v +2Cp)
Co + Cu, +26G,

| (EQ. 7.1)
2C, = 2GC, +Cu+ Cus +

+ (‘vv + CT,,

As we look at the matrix and Tump together some of the wiring capacitances

Cw,.-, then we can write a new equation.

(61’2“) (EQ. 7.2)
Cp + 2 (0-

2C; = Z2Ci +

This is handy because we can now address the case where there are more than
two heads that are separated by the mairix circuité. It is obvious that

~ just adding more and more heads in pafa11e1 will just increase the capacitance
and fhus Tower Wn which slows down the rise time. If we can mak2 the matrix

- two level, meaning that we group the heads into subgroups and then connect
them to the write driver thru a second diode, we can take advantage of this
series parallel network to'reduce‘the éapacitance. The general equation
becomes EQ 7.3 if there are B branches of X sub branches making a total

of X*B = N heads.

x (26 XG) 6 (s-1)

e = 200 (x-1X 26 )Cs) A 2 + Co (EQ. 7.3)
T = h iZ(A,*\‘- Cp . , X(z(,,)((g) v C
2 Ch + Cp

It is easy to see that this equation can be minimized as a function of X

and B if we substitute‘CE as the equivalent of 2 C, and Cp in series.
8.2
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MATRIX CIRCUITS

(L (5-1)

26 = 26 + (x-1JG) +

(EQ 7.4)
, ] ﬂ'
For example let X - B =Nheads . . X =p
2C =260 = (’E—')(' ) <B") (EQ 7.5)
f%(fe +Cp : i

This equation can then be solved for the desired number of heads as a function
of the two groups which will minimize the head capacitance. Each head's
centertap has its own transistor and reverse biasing resistor. These transistors
can then be controlled by a decoder operating from a registér. The input bése
level must be corrected fdr the transistor emitter voltage chosen. In the

example this voltage is ground; therefore, the bases will need to be driven

negative.

Figure 7.5A shows one method of interfaéing T2L 109ic blocks. Ground is
the best leQel to return the head to because of the noise usually on the supp1y
voltages. Other configurations are possible that use some reference voltage
as 1ong‘as that reference is quiet electrically. The exfra serieé_diodes;
are considered when making up the bias diagram for the total circuit. This
includes the select transistor, all series diodes, any head resistance, the maxi-
mum voltage transient (in one direction), any required reverse bias of the
Write Drivers, and lastly the variation in base voltage from.the Pre Driver

Circuit.

The type of diode chosen depends on the write current. Usually a high
conductance diode with as low a Cp as possible is best. Also, the leakage

current when reversed biased is very essential as it affects noise in the

8.3
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MATRIX CIRCUITS

network‘dufing a read which will be discussed next. A IN4448 diode serves éf\)

well in this position if the reverse leakage is specified.

- The second function of the Matrix is to connect the selected head to the
Pre Amplifier as well as’block the large voltage ﬁwings of the write function
from damaging or disturbing the-Pre Amplifier. This function is not so

'straight forward as was the circuit for isolation during write.

Consider the circuit of Figure 7.6A. The nodes A and B can be called the
main nodes. Branching off from the main node is-the‘write Driver circuit
jsolated with a pair of diodes, D1 and D2. The Write Driver circuit also
includes the Write Damping network. It should be noted that current flow from
the reverse bias source R; thru the centertapped write damping resistor sub-

tracts from the write current as seen by the head. This reverse bias is

neceésary in order'toAiso1ate both the Write Driver capacitance and the Write ¢ :) :

Damping resistors from affécting the read function. It can now be seen that

any leakage in any reverse biased diode will affect the read ;ignal. The:

problem with reading is that the read signal is A.C.4 therefore, using diode§

not dnTy wou]d;fofm a half wave rectifier but silicon diodes woufd not even
conduct. One way this can be accompliéhed is to force a small current thru

the head and diodes such that they form a conducting path to the Pre Amplifier.
The currents for both halfs of the head cancel their flux therefore the data is
ndt disturbed magnetically. About 2.0 ha is necessary in order to adequately
forward bias the diodes to a sufficiently low series resistance. The Head

.AC Signa] now modu1ates this current which passes the signal to the Pre Amplifier.

Resistors R, and R; are tied to a negative voltage in this example to supply

8.4 )
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MATRIX CIRCUITS

the desired current. The DC voltage at this node c.D is equal to

V(C SAT + (INA}X?) +1V) = VL :VP (EQ 7.6)

o ’ +V — Ve sar, = Ve
wHERE Iiu = < (EQ 7.7)

When writing the head voltage transient as given in EQ 5.23 needs to be

blocked by Diodes Ds and D4 § therefore, Rs is included to provide the reverse
bias. This then means that when writing thebPre Amplifier sees -V on its input.
This may not be desirable particularly for some commercial types. The circuit
is modified as shown in Figure 7.6B to add another pair of Diodes Ds and D¢

to block the large write transient blocking voltage. Another pair of resistors
now need to be added to supply current thru Ds and D¢ when reading to forward
bias them. Also yet another pair of diodes need to be added to clamp this

voltage when writing to a value tolerated by the Pre Amplifier.

The current flows are now much more complicated. The extra current Ds
and De needs to be supplied thru Rz and Rs.. This current splits between

Ds and Ds as also Dy and Dsg.

We can come close to the real currents as we assume that the diode drops
are referenced to the head centertap voltage as shown in EQ 7.8 to the

Pre Amplifier input.

(EQ 7.8)

'\V;nphl = | b@

€ 5a7

' [
+<15..;)(f) + U tV~v,,

Ry Vos
+y - Vcs sar, — ( Vee sar + (J“”’If r Vo +(EQ 7.9)

wHERE Ibu: = 2 Re
recognizing that we want the current to split at this point.

8.5



MATRIX CIRCUITS

Now we can make the Resistor Rs equal to

R = View +(-V) (EQ 7.10)

Ibm)'

'A11 this assdhes that the VD drops are equal which is of course not true.

These errors will show up as a small unbalance 1n36urrent in the head as well

as an imbalance in.vo1tage at the Pre Amplifier inputs. This latter is disastrous
as these voltages are usually several tenths of a volt which the Pre Amp cannot
handle without saturating. Going back to the Pre Amplifier circuit of Figure 6.13
and Figure 6.15 or Figure 6.6, we can see a solution. The coupling capacitor

in the emitter feedbéck path effectively isolates the two input mismatches.

A1l we are left with is a small differential unbalance due to the unequal
attentuation thru the diodes. This affects the Common Mode Rejection Ratio

. of the amplifier which needs to be high. The functfon of Read Damping is
~accomplished either thru the network of by the addition of another resistor
acrosé,the output terminals. This is necessary due to the different value of
.Zeta between Read and Write. A better position would be across the main node.
This way the attenuation is lessened. The resistor value for Read Damping is
higher than for write damping? thereforé, we can leave the Read Damping across
the main node for both Read and Write and make the Write Damping resistor for

the parallel function to get the lower value required (See Figure 7.8).

The ‘attenuation of the head signal is calculated from three simultaneous

equations.

B
. A ‘ ‘
Ve = (, (/rf,, + LT+ Ry + Runp + ,e,) - c.,_ (Ka,w) 0 711

8.6
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O v ; (_.eM ) + G (va YA oﬁ’,.,)_.c, (ﬂ,n(,) |
. = —( ~ )
‘ ) ‘ (EQ 7.12)
0 vV = .(“(O) -— (:z(Ksz)) + C) (Rg"l() +Kp,."'l\’,— *Kb‘&b]
(EQ 7.13)
ﬂ ‘ —b V.h‘
(EQ 7.14)

¢ 2 (3. ». Ve )5 45¢)

o s
- [f- = o b ¢
A -(?Z +KE)C; (%}'4%> —

ace. —BE -DA

B O
-B C -p
o -p E

From the above it can easily be seen that if the Read Damping resistor were in
place of Rs and Re¢ then its necessary low value would greatly attenuate the read
signal. As it is,only one pair of diodes cause the main attenuation. All

following attenuation is small, (R, + R; and Rs + Rg), if the bias voltages are

high enough.

We know the Pre Amplifier input voltage from EQ 7.8 and 7.9 is the Reading

input voltage. When writing the iﬁput voltage is clamped by diodes D, and Dg.
The input voltage during write then is VD7 . This is common mode and is about

8
+=0.7 Volts. It can now be seen that whgn 2;itching from Read to Write and from
Write to Read the amplifier input voltage common mode goes from +0.7 volts to
-0.7 volts or a 1.4Vthange. As long as these vo]tages‘are true common mode,
the amplifier sees no transient, but due to the tolerances previously mentioned,
some difference remains which forces large step changes in input voltage. These
must be amplified for the duration of the time constants involved. The case
whefe the Pre Amplifier is driven by current sources is easily calculated.

(c (D VP:FF)
Totamsiens = (EQ 7.15)

I}c./ltt AN
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MATRIX CIRCUITS

The actual transient time is slightly longer due to the conduction of the
previously cut-off transistor during the last portibn of the transient
(about 0.1 volt). We can calculate AV4jff in the worse case by assuming all
diodes in the upper half of the matrix have high vo]tébe drops and all the
diodes in the lower half have lbw voltage drops for similar currents. Also

we can take the tolerances in the resistors in such a direction to accentuate

the problem.

AV = 3V,

D 3 VI Py (EQ 7.16)

na¥ éf I»..nj N (nr 1,.,,',)

The associated time must be accounted for in any selection process.

In the multi level matrix the equations for attentuation and AV4;fs need

to be modified to include the extra levels of diodes or diode drops.

For a two Tevel matrix as shown in Figure. 7.4, for example, Equation

7.8 is modified as in EQ 7.17.

Vi, = Vee sar + (..., ?) 2+ W, T Vor x HleV (£Q 7.17)
e AV tormon mote & trav =(-07) = 24y (EQ 7.18)
- (EQ 7.19)

DVose = 4 Vpmas br7..,) — 4 Vo G7 1)
similarly we must double both left hand Rpr'g of Figure 7.8 to get the

attenuation.

As can be imagined, the losses in these networks are substantial. Also,
the noise induced by the diode noise and the reduction in Common Mode Rejection
‘play a heavy role in reducing the signal to noisé ratio. Obviously, such

- methods can only be used if the head signal is large compared to the total

system noise.
: 8.8
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A further problem is that the write transients are not éompletely
blocked from the Pre Amplifier. If we replace the reversed biased diodes
leading to the Pre Amplifier by capacitors we can easily see how the Pre

Amplifier is overdriven. see Fig 7-10.

If Rp and Ry are about 109, the transient is simply

(Vtrwmf )(’0 “) ' | (EQ 7.20)

(O + E};

If we assume the fundamental frequency component of the transient is

5MHz then the signal transferred is

oV | |
(7 h’:e)(lo"') _7_2-_{’_‘2':5__“

) ‘ ; e
O (217/(‘-"9‘X/x45" IO-JHB 18 xio

These matrices can be inverted polarity wise by using NPN write drivers,

' -

- 270~V (EQ7.21)

reversing all diodes and bias voltages, including the Read Select transistor

network feeding R2 and Rs.

A much better method is to providé'a separate Pre Amplifier and Write
Driver for each head. This has been done in several disc drives since 1977
to great advantage. By mounting an IC containing these circuits on the head
or near it most stray capacitances are reduced, common mode unbalances are
eliminated and stray field pick up is reduced. Modern Integrated circuitry
can perform this function for several heads at once when properly addressed.

A general circuit is shown in Figure 7./1.

8.9
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MATRIX CIRCUITS

The current source can be switched on and off for writing. When reading

the Pre Amplifier can be activated by biasing. Immediately we can see one

problem and that is that the write transient is seen by the Pre Amplifier bases.

Dependihg on the head inductance and the required write current, this voltage
breaks down the base emitter junctions as one is forward biased and the other
is zenered which reverses on the next transient. For integrated circuits there

are two detrimental results depending on the circuit values.

Zenering an emitter - base junction causes low current 8 to be degraded.
This is of little consequence if we use higher currents to bias the first stage
of the amplifier, usud]]y above 0.5 ma. The second effect is when the forward
biased base-emitter jﬁnction conducts it effectively saturates the associated
transistor which turns on a substrate PNP transistor altering the biases. This
Tatter effect is eliminated if the transfent duratioﬁ is small compared to the

turn on time of the substrate PNP.

When more than one head is serviced from the same integrated circuit,
the multiflexing function is achieved by approbriate]y shifting the biases
to favor the se]ectéd circuit. For example, the write drivers can all be
in parallel from the same current sources but the base drive can be raised
a few volts for the selected write driver while the remainder are held, thus
éutting them off, or the current sources can be switched separately. The
Pre Ahpiifier is easi]yrse1ected if the first stage is our favorite cascode
circuit. Here each head is cbnnetted to its own first half of a cascode
amplifier with its own swftched éurrent source. The other stages are farratted

to this riode with the upper half being a single circuit serving all.

8.10
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MATRIX CIRCUITS

When designing such an IC, great care should be exercised in considering intefnal
biases and power dissipation. Figure 7.11 shows a typical circuit presently
used for centertapped heads. By proper consideration many IC's can be paralled

to address many heads by using parallel circuitry and address lines.

We might profitab]y consider the serial time required by these multiflexed
circuits when handling data. Before the first transition can be recorded, the |
write current source must be turned on and the current built up to final value
in the head. This is typically about 100 ns or more. waff,wheh going from
writing to reading we must turn off the write -current source, turn on the Read
bias circuits, recover the Pre Amplifier from the select transient back to the
base line and include any following AC coupling in later circuits. Then times

can be as great as 5 - 30us depending on circuit bandwidths.

8.11
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SAFETY CIRCUITS

This chapter is included at this pointAin-the presentation because we now
have éompleted all the basic circuits that interface with the head. The subject
of safety has to do with the recorded data that resides on the disc or tape.
Since this data represents the accumulated efforts of some programmer or computer
operator theﬁ every means must be taken to assure the user that their data is

not disturbed due to any malfunction of the circuits themselves. Of course,

no amount of checking can protect any data if the machine receives a valid

command to write even if it was intended or not. We will confine ourselves

to only those malfunctions that are invalid or a result of component failure.

There are several checks that will indicate a possible endangering of data.

They are:

Write Current and no Write Command

Write Command and no Write Current

Write Command and no Write Data

Write Current during a protected data field

Write Current and not directly over the assigned track
Write Command and a Read Command simu]tanebus1y_

More than one head selected at once (serial machines)
Open heads '

Shorted heads

Centertap Current Sense

W 00 NN OV O B W N e

—
o

We will discuss each of these and propose circuits that can be used to sense

the failure.

1. MWrite Current and No Write Command
If a circuit is provided that senses the presence of write current
the output can be 'anded' with a signal indicating no command is present.

The sensing circuit depends on the type of head that is used and also the type

9.1
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of write driver chosen. For two terminal heads driven by séfurated switches 65)
similar to that shown in Figure 5.4, we have several choices. We could monitor
the current drawn from the +V supply by providing a single series resistor.
Then thru the use of a suitably biased comparator gny current exceeding an
acceptable value could be indicated. The problem of sensitivity could be

overcome by using a high valued resistor in parallel with a diode as shown in

Figure 8.1A.

With this circuit the V+ Tine previously used to calculate the Write
Currents must be modified to subtract one Vbe drop during operation. Sensi-
tivity can now be made as high as needed within the bias and common mode
requirements of the comparator. If no appropriately higher voltage is available
to operate the comparator a current mirror could be uéed that makes use of the :
diode as a reference as shbwn.in Figﬁre 8.1B. Here the current mirror is not :)
a true mirrér due‘to the differences in Vp and Vbe of'the two descrete devices,
but sufficient current can be guaranteed to operate the following logic block.
These circuits could be used with almost all of thé write drivers shown in
Chapter 7. The comp]iméntary hair driver of Figure 5.1 would need two, one
for each source or the emitter voltage itself could be monitored.
With Current Source driven Write Drivers, the Write Driver emitter
circuit could be monitored if a small modification is included. This circuit
type is sHan in Figure 8.2. Diode Dy is added to isolate the emitters from the
+V voltage expected on the c011ectors~of the Current Source. Again, a comparator
is made to sense if this voltage evef goes négative by 2 diode drops or less
below the Write Driver bases. Note that the current thru Rl and Ry must be

appropriately subtracted from the current source current value. The reference ;)

9.2



FlG £:1 A

SATLPATEY wWAITE PRIVER WirTH

CvuRRCNT SENSE

K

-\

Ky
sIAe

Fre 9 2

A VAV St

s

CURRENT SENSE Fort CURREMNT SOURCAE

PRIVEN WwrirE PRIVELS

(nvew)

(V, - Viar )A
-
R, + Lo

Fl6 (R

RLTEANATE LoGee InTenFecE

PEAsCInvG P witw Toe P/l Base

I T pa e

ey e



o " B i v £ N
FoeobLilrliun taaeaci . ALl niuinn s Sl s LU,

SAFETY CIRCUITS .

could be the voltage between the two bases itself which will reduce the worse
case calculations. The fact that the base voltages will move up and down with
data normally is cancelled out by the 'difference' connection shown dotted R«
R3. Feedback could be applied around the comparator (operatfona] amplifier) #s
if desired. The logic signal resulting from sensing the current can now bé
'anded' with the th-Nrite command to indicate the unsafe condition. A timing .
problem now exists that needs addressing. The response time of the currént
source to the Write Command will be slow oh both edges as also the response of
the sense curcuit. We are interested in this safety circuit,if there is write
current without a Write Command. When the Write goés off the combined delays
of the Write Current Source and the sense circuit will indicate write current
well past the trailing edge of the Write Command. This false response needs to
be blocked while maintaining the basic functfon. A Simple circuit using a_

T2L or DTL Togic AND or NAND, Figure 8.3,can cover most de1ay§ encoﬁntered.‘ The
senéitivity of T2L circuits to s]ow’edgesiis of no concern due to the use of

latches fd]lowing that hold the fault information.

Similar circuits can be devised using other logic families. In this
circuit we take advantage’of the constrdction of a T?L gate, or a DTL éate.
If either input A or B of Figure 8.3B are low all current is removed from the
input circuit with none left for the following transistor. When both go high,
the the capacitor receives the current until the voltage rises such that the
transistor turns on thus initiating a delay in the response of the AND/NAND
function. When either A or B go Tow in response to the eventual fall of the
write sense line the capacitor»discharges thru R1. Wheh designing for a certain
delay the tolerances of Rb and the diode drops and transistor base turn on
voltages must be considered. The resistor R6 typically has -tolerances of T 25%.

The delay time becomes close to the following equations when solved for T. ,
' 9.3
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(\/4 o — \/nm)ﬂ, v

— . 'v = R niwv
‘/b‘y = 0 7) ©) (5( Kb may t+ Cna__y 3 v > ‘ (EQ 8.1)
~y —_—
ﬂ'nm + (_'A,.S
[
o
: S + f/.,d C“"’)
(V‘f X4 - pPmay mnnv)( A (EQ 8.2)
07‘:’%} = : ———

R mayx + Kiniw
S[re EmifETg

CM# 'ﬁuﬁg ,?l"""

0.65

MA# — ~nerv nAY J 1 IE ~ny ~ead )
<V" V’ ﬁl )[ . C .

(EQ 8.3)

5'[54 Ko mtn + 5 ma¥ )AB'WC,..,, v : | )

Chwv ’(‘n:d l"'"’
If we take the inverse Laplace of the last two -equations and solve for T,
we have the maximum and mih'imum delays.

(V e = Vo) e ‘ . S x,n,’; Criv ﬁ (EQ 8.4)

> R mav
0-75 \é) . Coany (5 + K.smnr +
Kb -~ S Cony K‘m‘y’(".

662 mag 4K Mv) ¢

’ N
_, _ 6"*&/«: - \/,9 mAY f:m:;: P ~ Crpz Reron K..,,v‘_’_.’l__
0.75V — R‘ ia RO L A 6 =,
6 R " Coni |
' ExR J.5 )
Q/ M X ¢ ki ma + R mew Crat K§ max  Cax K"‘:‘
+ A { hf. —
""" y C ma¥ K‘ ~AaAY /(l ot ’ - Ké Al +<"“%"“/ (ﬁ, ,.A“’e'\ .
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5+ Kimay C"" ——

sy (\/'...«-- Vp nea ﬁ"“") Ko o + M1 =27 ) '
5V, =
0.65 p Rimav (EQ 8.6)

ymar (mev Coie 6 mew

-l :
z 06y = | (EQ 8.7)

With the above circuit, all we need to guarantee is that the maximum time
of the write sense current remaining high and the minimum delay do not overlap.
If we used this fault signal to shut off faulty write current directly without
the latch then the circuit would oscillate. To see why we need only consider
that if faulty current is sensed correctly which shuts off. the current then‘the
'sense' will drop after some delay which then permits- the faU]ty'current and
its following senge to return. Al1l this repeats. Latchiné the fault indication

prevents oscillation.

2. MWrite Command and No Write Current

This fault condition is sensed using the same sense circuit as in
Figures 8.1A or 8.2. The difference is in the following 'and' gate.
Figure 8.4 shows the same circuit as Figure 8.3A except that the signals + Write
Command and + Sense Current are changed to + Write Command and - Sense Current. |
Now if current is lost during a 'Write Cdmmand' then the fault is sensed. Again

a timing problem exists at‘the leading edge of Write Command because the current

9.5
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source and the sense circuit need time to respond. The same logic delay circuit
will function correctly with the same but appropriately relabled timing

diagram (Figure 8.3C).

3. MWrite Command and No Write.Data

When writing we need to be assured that data is being written on the
media. What signals are there ava%lable to us that truly indicate that we are
writing? In tape machines this is an easy task as it is usuai practice where
there are Read Heads following the Write Heads. In Disc machines where the heads
are used for both Read and Write a full revolution of the disc is required
before Read Verify is possib]e.' If we assume that the head is in
proximity to the disc then we can sense the flux changes to verify that we are
writing. Rather fhan a separate winding around the head core to sense the flux
changes, we can sense‘the voitage transient across the head instead. There are
sevéra] simplé circuitélthat can do this with'any type of head and write driver.
They do increase the circuit capacitance which increases the current rise time
as this needs to be considered. The design'must consider the attenuation Rl
and R2, the volfage trénéient, and fhe voltage gain of A. Amplifier A should
be a 1imiting amplifier compatible with the T'L logic of the Resetable Single
Shot. If the circuit of Figure 8.5A were implemented the output would respond
to only the positive transient; therefore, we would have one output for every
other current transftion.i This is acceptable if the Resetable Single Shot
time is greater in the worée case than twice the maximum current transition
spacing. If bothécurfent trahsition§ responses are required then the amplifier
should be a Tinear differential amplifier with the'outputs connected to a
full wave rectifier thus achieving a unidirectional pulse for each current

transition. Figure 8.6 is such a circuit.
9.6
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Although the complimentary write driver is not often used, we wi]1<go

thru the design.

If the transient voltage expected worse case minimum at point B were
7.V BP, then we.could isolate the head from the differential amplifier with an
attenuation of 3.5max making, (this reduces the extra capacitance across the
head proper with only a s]ight change to the -

damping if we keep the impedance high)

»

_femv oy |
Kpmw * Rians (EQ 8.8)
Giying us a 2V min transient applied to fhe base. ‘ ‘ | '»:) :

- The gainm.n of the amplifier could be set for 1 with the ‘actual value of'REmax

and the I current source .. equal to less than the expected vain transient.
This way the differential’amplifier will Timit on the minimum expectéd signal

transient. The two equations are shown in EQ 8.9 and EQ 8.10.

K‘— ~iy

/qmu :l = Ki,n1+r2—

(EQ 8.9)

mAY

2 \/J,"n,./ - < Vbe, ow MmIN T Vbc Leok ,u,.) | (EQ 8.-10)

IJo.m & ined
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Depending on the speed of operation we try keeping Isource to around
2 to 5 ma, and use a transistor with a reasonable F:‘ This is dictated by the
Géin Bandwidth curves for the transistor. The next part of the circuit considers
the value of the quieécent voitage at the base of Q3. This voltage should be
such that during no signal the base must be conducting worse case.

Assume Vbe = 0.75V as the conducting maximum Vbe required, then
/ , > .75V
(Ijouuc ~e )( KL nld) - Vﬂnﬁ)‘(’ ear) - (EQ 8.11)

When operating, the most positive collector voltage will be when Q, or Q2 are
cut off. We designed the amplifier to do this deliberately to ensure limiting
in the positive direction. When this occurs the voltage at the cathode of

Diode 1 or 2 is about .0.6V below +V. If the value of R3 is kept high so that --

(\A “'A¥‘ _ Vp:’z.’)vhld) ’e) "‘ly

ﬁl Hl” r(q Nlﬂ

2—— ™A "O'VV
bi ’ (EQ 8.12)

--then transistor Q3 is cut off during the peak of the transient.

The following two stages are designed considering the current of Q3, the current
loss thru R6’and keeping Q4 out of saturation. The gain is made high only to
accommodate the current loss in R6 until the voltage rises to turn on the base

of Q4. If we make R6 2KQ then our maximum loss of éurrent will be

~Aax ’
L, = __lél_’_e_.::——-——t (EQ 8.13)
o 2 e s R = I-9%
i ' F\Iﬂ: :
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The value of R5 is chosen as we consider the currént required to turn £,
on Q4 and the minimum signal on the base of Q3. Because the diodes D1, or
D2 and D3 are always conducting then we should see almost the full limited
signal at the base of Q3. Assume we only receive half or 1.0V, thgn the -

collector current of Q3 is approximately

-l"g‘/-.ay —_— cy NV

'OUV - V6¢ mAY o,

-> I loss +

—

ﬂ nu'l “w =
Ry mar 7 r - (EQ 8.14)

Once this is accomplished then we know that worse case we can turn on Q4 until
the transistor Q3 is cut off when Q4 will then cut off. R6 should conduct any
charge on the base of Q4 away before the next transient pulse. We keep Q4 out
of saturation (only needed for speed) by using a Schottky diode between base )

and collector circuit. This'circuit works well and is called a Schottky clamp.

The base voltage vs. base currenticurve has some positive s]qpe, so ‘does
the Vsat as a function of Ic. As the base voltage -is usually much greater than
Vsat then the about 0.4 volt drop qf the Schottky diode (which also has a posi-
tive slope with increasing current) is sufficient to keep the transistor out of
saturation. For example, if Vbe is 0.7V at some value of base current and Vce
sat were 0.2 volts for some value of collector current, then 0.7V - 0.4V = 0.3 Volts
or about 0.1 volt difference which we can use to reduce the base voltage to
around 0.6V or out of saturation. This is a very rudimentary explanation as
the solution can only be obtained graphically since all 3 junctions voltages are

changing to obtain final balance.' EQ 8.14 is correct.

\/b = \-/Ds + ce i (EQ 8.15) )
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The ab@ve circuit will then output a positive pulse for each transistor (plus
or minus) in the worse case since we chose all our design criteria to ensure
an output pulse for a minimum transient and we designed the amplifier to limit
above this value in order to reduce the current of Q3 for larger transient

voltages.

We will next consider the most used Write Driver and generate several
circuits that will function as transition detectors for them. Onekof the
prob]eﬁs we should consider is that of the polarity of the sensed transient.
If we sense the negative transient at the collectors 6f the Write Driver Q1
and Q2, then if the head were open on one side, we would still get a negative

transient as the current flow will be thru the damping resistor. The affected

~ transistor will saturate but the negative transient will still be present even

though of a different amplitude. Remember that we minimized the Collector-Base

‘ - voltage in order to reduce power dissipation; therefore, there will not be much

difference in voltage between the saturated ca;é and the normal case. A betterl

way is to use the transformer action of the head to get the positive transient

~occurring at theloff’transistor (for NPN Write Drivers).” This then assures

us that the whole head is working for if one side were open transformer action

could not occur.

The circuit of Figure 8.7 shows a typical connection. The attenuation of
R1 and R2 is provided to help keep Q3 out of saturation yet guarantee it does
conduct on the positive transient. Again the Schottky diode is provided to make

a Schottky Clamp. The circuit includes the Matrix diodes just to show that

9.10
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it makes no basic difference except in bias levels. The diodes that pass the
head current correctly to the Write Drivers also pass the positive transient

therefore the transient will be available at the Write Driver collectors.

If the head transient were 7.0V.BP SE then the attenuation max becomes

o | Wy =3ty m) ot = i)
mAY

—— ———,_-’——
LN — (EQ 8.16)
(’ ~~ A r XL 4

Rl 4 ’(t. ~ow

~nAy

If the head were shorted then there would be no V TRANS.

If we design using this equatién, then we ensure operation as long as the

R.C. loading Q3'g base is small compared to the discharge times required
between transients. Note also that because 6f thelloading effect of R] and

- R2 in parallel with Hfb of Q3 the damping Resistor Rp total needs to be raised
inlva]ue according1y.. This particular conffguration lends itself to driving
ground referenced logic and is by far the better way to go than circuits that
put in emitter degeneration in the emitter of Q3. In these cases level trans-

lation is required such‘as we did in Figure 8.6.

Another circuit provides a capacitor charging and discharging current
such that the end result is a combination including the effects of the Resettable
Sjng]e Shot. This circuit has been used in head interfacing integrated circuits
designed first by IBM. The cgpacitor is charged thru the diodes on each transi-
tion.. This reverse biases Q3's basef A negative current source steadily
discharges the capacitor such that if the time between transitions exceeds the
time for discharge to the Reference level Q3 turns on activating the Darlington
Qs aﬁd Qe. Thus as long as transitions occur regularly within the time allotted

then the output remains high. If they cease or the spacing exceeds the discharge

9.11
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time then the output goes low. The circuit can be used forba‘current indication
by using the output at the top of Rj3 instead of the collector as is usual. This
permits other functions to be performed in parallel. We will not go into this
design in detail ekcept to note several considerations. First, the diode
“charging current does affect the damping depending on the state of chargé of
the capacitor. It also is affected time wise by the negative current source
variations and the value of C as well as the B of the PNP transistors as they
start to conduct or any leakage if cut off. When this circuit is integrated,

these variations can be extensive.

We might consider a circuit that could be used with the Bridge driver.
This two terminal head driver's head transient negative voltage is not much
different between an open head case and the normal head case. With the upper
emitter followers generally controlling the voltage the only Peak difference is

the margin provided between the normal transient voltage and the negative swing

é"

of the supposed cut off emitter follower. 'This is not sufficient for an indication.

However the positive level of the emitter fo]waer is significant in that it caﬁ
~be measured against a reference. -It is the difference between the Vbe Tightly
conducting and the Vbe heavily conductiﬁg. This is usua]]y‘a few tenths of a
volt against a solid reference. A circuit can be devised that can utilize this

ditference.

If the head were open then the normal path for current is blocked; therefore,
the lower half of the bridge will draw current directly from the upper bridge

immediately above it, such as from Qp thru Q4 in Figure 8.9.

9.12
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The transistor Q10 is provided a slight current of only a few hundred
microamperes, I4, such that the base vo]tage‘of Q9 is at a voltage of say
0.6 Volts. If the Write Current I were say 50 ma and the head were open
with Vin high then Q3 is conducting from Ql even though the base of Q1 is low.
The base of'Qﬁ is low so Q4 is cut off, but the base of Q2 is high sihce Q6
is cut off. Since the current thru Q2 is very low, being‘only ieakage, then
the Vbe of Q2 is around 0.4 Vo1t$. This makes the difference between the bases
of Q7 and Q9 about 0.2 Volts or sufficient to switch. Using low currents for
I3 to reduce base current effects, we have a cutrcuit that will respond to
open heads but it will not respond to normal and shorted heads. The voltage
on the emitters of Q1 and Q2 will not change in the case of a shorted head
except due to rise - fall time crossing effects which are very narrow. A circuit
that will totally detect true transitions at the Write Driver requires two
détectors, oﬁeAfor open heads and one for normal heads since the shorted head ( :)
case produces on]y'g small transient voltage; The Second circuit simpiy needs
to verify that the head terminal voltages appropriately follow the upper half
of the Bridge's base voltages. This can be done using a low gain differential
-amplifier and full wave rectifier similar to Figure 8.6 and shown in Figure 8.10
for inductive heads. The amplifier iso]étes the head to reduce the extra
capacitance. The output pulse width can be'pulse width discriminated in order
to isolate the shorted head narrow pulse, resulting from poor rise times, from
the normal head wide pulse. This is only necessary if the rise and fall times
of the pre driver are not very fast such that there is a glitch at the head

terminals at the intended transition edge. Figure 8.11 illustrates the phenomenon.

9.13
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voltage change ip the shorted head case is about half that of a

| case as long the swing on the upper half of the bridge bases is

- exceeds s]ight]y the regu]ar‘transient. Getting back to Figure 8.10,
signals are really not differential but are negative pulses referenced
vel for each oppositely occurring transition which alternates Setween i‘;;g‘5§;;;1d;
e can use this to generate our full wave rectifed pulses if we limit | o
~a level between the half level expected ffom shorted heads and the

:rmal level. If the'base swing were 5.0V, then we need a cut off

sround (.75)(5.V) = 3.75V. Choosing the +V supply sufficiently high

Vi VR |
wa"(I‘”'“)(ﬂ““) = - (EQ 8.17)

~oceed as before.

_ o X UTAM"#) — (Vh o = b “’“'""") (EQ 8.18)

14 f ] - I.-’Ou.u'g' peyes ) . {

inder of the design follows from EQ 8.11 thru 8.14.

e is a variation of the above circuit if the head is essentially

2, such as the case of a thin film head. Here the voltage waveform

ad is almost a squarewave. Again, if power dissipation is minimized g
>sign, the down level applied to the upper bases of the bridge is
below that of the IR drob in the resistive head. One circuit that

iminate the normal head from the shorted head or partially shorted

9.14
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head is to diode couple the low level signal on each head'terminal and

compare that to a reference. However this circuit cannot distinguish the

case of no data applied meaning an open data cable or circuit somewhere earlier
in the circuit chain. We must really use the dV/dt of each transition. This
can be done using a frequency level detector such as is shown in Figure 8.12

or a + pulse rectifier and amplifier as shown in Figure 8.13.

The circuit of Figure 8.12 should be driven from an intermediate amplifier
to isolate the circuit capacitance from the head circuit. The level at Point B
is a function of the voltage change at the inputs, the ratio of the two capacitors,
and the‘time constant of C2 and the two resistors. For large capacitor ratios
the level at B is fairly smooth, but if we choose a smaller ratio with-a short
RC time constant, thén the circuit will perform as a full wave rectifier with

)
controlled output pulse widths. ‘ , _

The circuit of Figure 8.13 may not require an intermediate émp]ifier if
the coupling capacitor's value is small and as the RC time constant should be
large compared to the transition}ratg,it requires large resistors which in
turn afféct the base bias due to base currents. The circuit is basically
a full wave biased rectifier. The difference from the base line to the clipping
level is determined by the resistor network Rl, R2 and R3. The upper portion
of the transient is 'dot ored' and is available as a series of squared positive

pulses. at the output.

A bettef circuit would result if an intermediate amplifier is used to

permit Towered resistances. Lastly, if we consider the transition detectors

9.15 )
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they really indicate the correct functioning of the entire Write chain.
Without write current there would be no transitions neither without a
continuous data path and a functioning head. The only thing it does not

tell us is if the head is in contact with or in proximity to, the media.

4. Write Current thru a Protected Data Field
There are several variations of this circuit family. The first
involves the Memorex invention of the Write Protect feature. A simple circuit
operated from a switch blocks the Write Command from the Write Current circuits.
The circuit usually indicates back to the control function that the Data is
protected. One consideration is to design the logic circuits such that
operation of the switch during a Write operation will not disturb the write

in progress until the operation is over. A simple gated latch will accomplish.

this.

A second variation is uséd.in embedded servo type disc drives. . Thesé disc
files have servo information pre written on the data discs in sectors or
interleaved with the data. The same information must be protécted in order
to maintain correct servo operation. Counting circuits that are indexed to
the disc position are usually used. Decoding the count determines the areas
where the prewritten servo information is recorded. Circuits are also used
~ that verify correct operation of the counters, such as, frequency sensitive
discriminators and phase locked loops. Protection of the servo dété is of
such inportance that redundant counters are sometimes used with phase detectors

to monitor their differences.

9.16
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5. MWrite Current and Not Directly over the Assigned Track

Again there are two checks performed to verify the head position
in Disc Drives before a Write is allowed. The first requires the successful
comparison of the desired address contained in a register and the written
address recorded on the disc usually before each record. The second requires
circuits for monitoring the heads position with respect to some reference.
In track following servo systems there are signals available that are sensitive
to the percentage variation from the tracks centerline. As the head deviates
from the centerline by an amount exceeding the off track capability of a
Read - Write - Read sequence at the track extremes, we require a signalzthat
will terminate a Write function immediately. This is because any data there-
after written will be difficult to read due to the off track, adjacent track

“and fringing crosstalk or interference. As the head mechanism cannot move

instantaneously, some earlier or narrower range is sensed with a time Timitation

imposed for the system to restoré the head to be withinvthese normal Timits.
Such circuit tjmin§ must consider the mass and forces of the moving mechanism.
| Figure 8.17 illustrates the phenomenon by shohing the head centér]ine movement
compared to the track cenfer]ine as a function of time.. The two limits are

shown dotted with the appropriate sense levels and timing.

This figure shows the head returning within 1imits within the allotted
time. If it did not then a signal would be generated that shuts off any Write

- in progress and notifies the control circuits.

6. Write Command and Read Command Simultaneously
This circuit is strictly a monitor of the control circuits, but it

also checks for logic failures in that if a logic gate failed the opposing

9.17
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Commands could be issued. A simple 'And' gate at the last logic position
of the two commands will suffice. This way the error can be caught up to and

including the input to the Ané]og Read and Write Circuits.

7. More than One Head Selected

Depending on the Matrix configuration, there could be several circuits
required. If the number of heads built into a machine is great enough, some
designers choose to use two separate Write Circuits, two separate Read Pre
Amplifiers and two separate Head Centertap drivers. When this occurs there
must be circuits that monitor circuits to.verify thét one and only one is
operating at any one time in serial machines or in para]]e]»machines to see

that all such circuits are operating simultaneously.

First let us pursue the Centertap Monitoring Circuits. The engineer has
a choice of an 'Exclusive Or' tree or an operational amplifier. The latter is
least expensive even in the earlier machines when such a circuit had to be

built of discreet comﬁonents.

Consider Figure 8.18. We have shown two heads with the centertaps capable
of being grounded, with NPN Write Drivefs and ﬂNi’céntertap drivers. Reverse
bias for the centertap is ane;akive voltage. The ratio of fhe resistors R2
to Rc2 and R1 to Rep is large such that the correct amount of reverse bias is
maintained to block the head transients. Rp is chosen to provide a certain
worse case guaranteed voltage output from the operational amplifier. Rg is
provided to cancel the affect of all but one of the reverse biased centertaps.
For example, if Figure 8.18 showed 5 heads with 5 centertap drivers then Rp
would compensate for 3 head centertaps leaving one to provide anejative signal

and, of course, the other being at ground if selected. The circuit will respond

9.18
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with a negative output if more than one head centertap is grounded and with
a positive output if only one or none are grounded. The design is worse case¢d

as follows where N is the total number of head centertap drivers.

m——

C_AAV (N—‘) l/. e - (/vahav
- K — . (EQ 8.18)

¢ " e Frmap R + R, ~iw Re ~*” Rim™ ‘

(L ™ )

-
\Vc_ -~ (’V ) V+ max s.er paew
Vowie  =Foe t e miew | (BB
) “':0'!"‘“' foy mar t £ mAx V7.3 ‘
' -(VL- ~ay N + Vr oy . : (EQ 8.20)
\/o - ~E il —'(FM' Rcz. o fCme Kg ~n* | ) .
(VC_AM’)N ’ l/f' mAX (EQ 8.21) ..
\/0,..4.4”0"_ ﬁf [ £, mAa¥ + ‘lﬂ:’ lhd o
KCL MAE + '
_ o 2 V,mr.-..ax
Neorer(wo2) | Verw L ZXmem
_—- . mA K
\/° ";\“041 B ﬁfﬁﬂ, r\’c,_ it Rormew K
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| Equations 8.18, 8.19, 8.22, and 8.23 require the worse case bias set into
the comparator to be centered between the values of Vo min normal and
Vo min 2 ON- By properly specifying the value of Rg this range could be
centered around the Vbe of 2 transistors and the circuit of Figure 18.9 used
instead of the comparator as long as the Vo difference is greater thanvone vo1£.
“In the above equations, we neglected the voltage and current offsets and gain
effects of the operational amplifiers. These should bé included if the difference
is less than one volt which would jeopardize the correct biasing of the transistor.
Resistor REashould be chosen to equal the resistance seen on the negative
input in order to correct for balanced base or input'currents. For the other
two offsets the total resistance can be kept as low as possible within the
current limitations of the centertap and bias resistor currents and the voltage
attenuation due to the action of Rgp and R2 as it relates to the head transient
vb]tage. Usually the voltage change due to one centertap circuit changing state

is.large so the main offsets are swamp .ed.

The other monitoring circuits become just.'And' and 'OR' combinations of
the previous circuits outputs in multiples. The block diagrams of Figure 8.20
thru 8.22 show typical examples of some hultip]e arrangementé._ Notice that in
Figure 8.20 we need both the indication for write current from either current
source as well as the indication of more than one source on at a time for serial
data machines. For parallel data machines the dotted addition is required to
indicate a failure. There are variations of Figure 8.21. As it is shown
the outputs of the Resettable Single Shots are combined to indicate the function.
This then would be 'Anded' with the delay gate of Figure 8.3A to capture the
faf]ure. However, if one of the Resettable Single Shots failed true then we

would never sense any failure of transitions. The 'Exclusive OR' gate will

+9.20
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1 this kind of failure. Usually we only try to sense no more than two

al failure conditions, beyond that would greatly complicate the design.

The last arrangement shown in Figure 8.22 is for multiple groups of heads

y one of which is permitted at a time. Here we require two groups of

rational amplifiers, dﬁe to sense more than one centertap as we discussed
The only difference in the design

| the other to sense one head centertap.
the value of RB also taking into consideration that there are now two loads

the R, resistors instead of one for both cases. The extra requirement for
ie 'One Sense' can be eliminated if the centertap se]éction of one head in
ach group simultaneously can be accommodated, such as in parallel data machines

nd for machines where discrimination occurs in the Write Driver Channel and
In this last case a matrix can be formed connecting head

:he Read Channel.
centertaps and Write - Read circuits in some convenient or cost effective

manner (see Figure 8.23).

This matrix gives rise to a common terminology used throughout this
industry of X and Y. The X circuits are the most expensive and are therefore
The cheapest are the centertap circuits and are maximized

minimized in number.
where possible. Hence the centertap circuits are often referred to as Y select

circuits.

8. Open Heads
We discussed this situation in the section on transition sensing.

9. Shorted Heads
This also was discussed in the transition sensing section.

9.21
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SAFETY CIRCUITS

10. Centertap Current Sense

In the cases where the‘centertapped head or a group of centertapped
heads are driven or connected directly to an Integrated circuit collector,
there is a distinct possibility of a short between the collector junction
and the substrate. This situation exists due to fhe usual practice of tying
the éentertéps together to a common voltage or ground. The favored méthod of
= }sensing this failure is to monitor the current in the centertap line. A
simple series resistor and a comparator suffices. The bias on the comparator
allows up to normal write current and any combined leakages to flow without

changing the output state of the comparator.

There are many other circuits or conditions  that could be monitored.
These will evidence themselves to designers as they consider all thé possible
paths erasing current can take thru the head from whatever source or all the
‘combinations that can prevent data from being correctly written such as any
data encoding circuits or clocking circuits. They all need'to be mon{tored

and latched for the protection of stored data.

One side-light to the half open centertépped head case not previously
discussed is the condition duriné selection by the centértap driver. Consider
for a moment what we discussed back in Capter 7 on Matrices. We were very
careful to balance the Read biasing currents so that the flux generated cancels.
When a head coil opens on one side the bias current now is unbalanced and hence
can parﬁia]]y erase the media. However, the flux is very small and is not
usually of sufficient magnitude, if properly designed, to bring the media particle
back into the open portion of the hysterisis loop. There is one other circuit
parameter that we have neglected and that is the single endedbmatrix capacitance.
See Figure 8.24. When a head is reverse biased, the cable, head, and diode

capacitance is charged with some number of coulombs. If the centertap selection

39.22
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SAFETY CIRCUITS

transistor is turned on quickly, this permits a discharge current to flow
thru the head half winding that normally is balanced out that now is of
sﬁfffcient magnitude to cause the media to be brought out of saturation
thus actually writing.a distu}bance on the media. Because of this effect
it is doubly important to minimize head capacitance, and maximize the
discharge rate while maintaining sufficient drive to satura;e the centertap
driving transistor during wri;ing. This then refers back to the circuit
used to drive the bas¢s of the centeftap drivers which we did not discuss

at that time.

Once we have sensed a safety related failure we must now determine what we

can do to minimize the démage to the recorded data from either timing or
circuit re]ated failures. The best thing we can do is to prevent the flow of
head current either b& blocking the current path at any point or several pbints
or by sinking the current off to ground before ‘it can reach the head.. The
first type usually are limited to shutting off the current sources and the
centertap drivers logically. These precaqtions work well for command related
failures or timing failures, but they do. not work if either the current source
transistors shorted or the centertap transistors shorted or some other current
path became established. Again, shutting off all curﬁent paths can block the
current thru the head either at its source or at its sink despite a failure of
one of the sources or sinks (centertap circuit). We can provide a circuit
that clamps the current source to a potential that reverse biases the Write
Driver emitters. Part of the precautions_a]ready exist when we added a series
diode to protect the Write Driver emitter from the Current Sensing circuit during

the off condition. Refer back to Figure 8.2, R1 and D1. If Qe connect a large

9.23

ga



LATCHEY UM AFE
(omwPi(Tiong
S &«
R
S @&
R
+ WATE
FIGC 8.2¢ S o
JHOWING UNnBALLANCE ()
TRANSIENT HEAP CuRRENT y R
+
AT SECECT TrmE

I..,-u-;ﬂ_s

i AR DS

-tov ~-qv

1

!

T Re .
Rt £~

Vs
e 825

CURRENT (CCAMPlu & on REcCEP7 OF
ERRONMNIOUS  WRITE CURRENT OF SENSING A FAILOKE |

OR WHEW wNOT W ITINVNG




SAFETY CIRCUITS-

transistor to the collector of the Current Source Transistor and tie its
emitter to a potential more positive (in this case) than the bases of the
Write Driveré, we can turn this transistor on immediately upon sensing any
failure. This is achieved by an 'OR' tree driven from each of the safety
circuit storage latches. Some engineers like to turn it on every time we

are not writing fn order to quickly discharge the current source lines. The
‘transistor and its base current drive must be capable of handling any current
resulting from shorting the current source transistor which means the current

would be that obtained thru the emitter resistor in ‘series with the difference

in potential between the source supply and the c1émp transistor emitter reference.

allow
This must be worse cased as failure to do this migh;Aforward bias one of the
Write Drivers. A circuit is shown in Figure 8.25 for the NPN Write Driver with

the centertap referenced to ground. Other configurations are left to the reader.

A'typical design would ensure the following equations are met.

— V.OT Nlo" . .
I = V= s o — (ahortt @) (EQ 8.24)
Q mA¥ - | ﬂ o : i A

| . .. A
w - I/( v = - u . (EQ 8'25)

- = R By ™

'3 mA¥

2V, = Vs, pne = /. - (EQ 8.26)
Vi > 0.0V | (EQ 8.27)
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SAFETY CIRCUITS

Vo o Vo= 2V
Ry mins Kroar , (EQ 8.28)

If all these 5 equations are met simultaneously then the clamp will operate
.correctly even in the event of a shorted current source. Notice we are worse
than worse case, but totally safe as we used V- min and V- max as simultaneous

conditions in EQ 8.24 and 8.25 respectively.

This concludes the current related safety considerations.
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- DETECTORS

This chapter deals with the detectors or the circuitry used to égnse the
transitions recorded on the media. We will discus§ the intervening amplifiers
in the next chapter as the type of amplifier depends on‘the type detector
chosen. The detector in turn depends entirely on the head signal and the
regibn of operation. Let us refer to Figure 9.1. This figure is our old
friend the bit density curve with some added segments. Historically, all
magnetic recording was done using the left hand side or the 'good’ resolution
portion, Region 1. Here the various frequency or density components result in
very similar amplitudes. Therefore a string of transitions produce; signals
of fairly equal amplitudes with 1ittle interaction. The process of detection
" is to sense the peak which results from the instant of maximum time rate of
change of flux of the transition and output a pulse, the leading edge
of which, corresponds to the center of the transifion. Circuitry for doing
this consists of some amplitude reference and a peak sensing circuit. The
ampiitude reference sefves to eliminate noise assdciated with the signal baSé
1ine, Figure 9.2. As the'signa1 is bipolar thére needs'to‘be'two references
or some means of changing the signal to unipolar. A Full WaQé rectifier fills
this latter function quite well. The peak sensing circuits are required- to
be very accurate. For this reason, amplitude sensing circuits fail. Consider
the peak of sine wave. The change of the amplitude as a function of time is
very poor, changing only a few percent over a considerable number of degrees.
Amplitude sensitive circuits then will have poor time resolution of the peak.
They are also sensitive to the variations in amplitude of each transition in

a chain for no pulse is of the same amplitude as its neighbor due to variations

in media and head-media mechanics.

10.1
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DETECTORS

Two other signal processing circuits resolve the dilemma. They are the

differentiator and the intergrater. Here the slowly changing peak value becomes

a fast changing base line crossing as the slope of the peak changes from one

polarity thru zero to the other. This result is ideal as we can build base

1ine crossing sensing circuits very easily. The question now becomes which

Ef the two is better. First the differentiator. The circuit or amplifier

has a zero at the origin. The gain then increases from zero at zero frequency
to infinity at infinite frequency. Our head signal is complex in that it can
be described as a fundamentél sine wave with many harmonics. Noise also enters
the picture. As we pass the bandwidth of interest, the gain continues to
increase, therefore, all the noise of higher frequencies will be amplified
accordingly while the signal of interest remains at its lower gain. The result
is a decrease in signal-to-noise ratio. Practical circuits have finite band-
width as they roll off due to strayrcapacitances introducing a pole. We see
then that practical differentiators have signal-to-noise ratio problems but

are limited to the bandwidths of the circuitry.

The intergrater on first look is ideal as its output results from a
pole at the origin, or zero frequency, which produces decreasing gain for
increasing frequency. If we were only dealing with a sine wave, the resulting
waveform would always be symmetrical; however, we are dealing with a complex
waveform containing many harmonics and noise which also vary in amplitude from
pulse to pulse. Ideally, then we would have a base line crossing for each -
transition as the area under the curve alternates. BUt the signal's non-
uniformity will result in variations in the time of the base line crossing

from the actual peak time of the input signal.

10.2
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DETECTORS

When compared to the noise shifted differentialed signal base line crossing
and the quiet but time shifted base line crossing of the integrated signal, we
are forced to choose the 1es§er of two evils. The differentiator has dominated
the application mainly due to the way the higher frequency noise is rolled off
by judicious choice of the pole location of practical circuits. The opefation
of the intergrator in the presence of defects accentuates the inaccuracies.
Compromises can be worked out using carefully placed zeroes to minimize its
sensitivity to defects and amplitude variations, but no practicai recording

channel has succeeded in mass production using the approach.

We will now develop a circuit that will perform the detection function
previously described. The block diagram for such a detector is shown in
'Figure 9.3. The full wave rectifier can be built‘from the differential
signal with a pair of diodes. See Figure 9.4. Because the differential sfgna]
contains two positive peaks for each pair of pulses, the:diodes will pass two
positive peaks each one'COrresponding to a transition. Depending on the biasing,
the output dc potential will be one diode drop below the input base line or
dc potential. The driving circuit must ensure the two dc levels to be equal
or unsymmetry will ;esult. Where the input and output are referenced to ground
the diodes will subtract one diode drop from the signal before passing it on.
Figure 9.5 illustrates this function. We could take advantage of this phenomenon
by making the diode drop equal to the amount of signa1‘af0und the base line
(clipping level) that we want to‘remove to reduce sensitivity to base Tine noise.
Under these circumstances the signal itself must be amplified to an amp]itude
such that V diode'equals the percentage of the signal we want to remove. For

exahp]e, if we want to remove + 10% of the signal around the base line, the
100%

input signal must be amplified to 2( _Tﬁ%') (VD)jn Vpp diff. (EQ 9.1)

- B T PP By s
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DETECTORS

Such a circuit will function but is not easily changed if we want to change
the clipping level percentage except by changing the amplitude of the input
signal or the references. The sjgnal swings are very large, as in our

example: 2(10)(.7V) = 14.Vpp diff. is required. -~ (EQ 9.1)

When the full Wave Rectifier is DC coupled with an appropriately negative
return voltage as shown in Figure 9.6, then fhe output amplitude is equal to
the input amplitude but is one diode drop below the input signal voltage.

We néed not get confused if we reverse the diodes to pass the negative peaks
instead. Input DC balance is required for correct symmetrical operation.

We could perform this function with active circuits such as is shown in
Figures 9.7 or 9.8. The advantage of the emitter follower connection is the
lowered impedance provided by the transistor. It has one disadvantage and
that is the reverse base-emitter breakdown voltage, Bvbér, restricts the input
signal peak-peak value for one:emitter is conducting while the other is cut
 off. Again, input balance is required. The addition of the third emitter
follower permits any percentage of c]ipping,. It is similarly restricted to low
Amplitudes of around 7.Vpp SE max due to'BVbeF. ‘Another consideration is that
of the transfer curves at around 0.1 volts difference where there is partial
conduction of the transistors. The operation is very similar to a positive
'OR' circuit meaning only the transistor with the most positive base will
conduct. It is this charactérfstic that permifs Full Wave Rectification
or Biased Rectification. The input amplitude must be such that the 0.1V
uncertainty is small compared to the signal of interest but within the

restrictions imposed by the emitter-base breakdown voltage.

10.4
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We will now turn our attention to the Gate Limiter. Its purpose is

to proQide a gate to operate the 'and' circuit at the appropriate time to
allow the pulse resulting from the differentiated signal peak to pass while
blocking a11,nbise related signals. The output of the Full Wave Rectifier
is limited either thru direct amplification or that resulting from pbsitive
feedback such as in a Schmidt Trigger. The latter circuit has the advantage
of reducing the effect of noise around the threshold of the Schmidt, whereas
the former will be noisy around the bias point. The gate threshold level
results from either the Schmidt threshold or the amplifier bias point.
Figure 9.9 illustrates the waveform relationships we want to design into

the total circuit.

If we design a 1imiting amplifier that limits around the clipping level
we desire, then we have performed the function we need. From Figure 9.9
the clipping level value is determined as a percentage of the inputhsignal
magnitude. Let us use 15%of 10.Vpp diff. This becomes 5.Vpp SE or 2-5VBP
out of the Full Wave Rectifier and 15%‘is'375.mv. We next need to guarantee‘
vthe reference of the input signal to the Full Wave Rectifier such that we
have control over the percentage. We a156 need to include the tolerances
of the diodes or transistors used to:build the Full Wave Rectifier. We can
do this with the circuit shown in Fiéure 9.10.

Transistors 1 and 2 perform the Full Wave Rectification. Transistors 3
and 4 are a high gain differential amplifier. The input reference is ground.
The bias reference is 375.mV with transistor 5 providing the same or similar
Vbe drop as transistors 1 and 2 if current sources 1 and 3 are equal. This

function is harder to perform with discreet components, but is very easy today

10.5
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DETECTORS

when we can use the inherént matching in integrated circuits. The uncertainty
of the bias point depended heavily on the variations in Vbe from transistor

to transistor or diode to diode. The output of the amplifier becomes the
output gate.--If the signal swing is inﬁufficient then further amplification
is necessary especially if the slope of the gate edges is poor. For our 2.5V gp
amplifier input, we know that the output will be a squarewave, Figure 9.11,
centered around the 325 mV to 425 mV, but modified by the bandwidth of the
amplifier. The more precise we want the gate edges defined, the higher the
gain we require. With Timiting it is not the output amplitude swing that
defines the slope, but the gain divided into the input signal slope for the
specified output swing. For example, if our gain were 100 and the output

swing was limited to 2 volts then the input equivalent change would be

2.V _ ' - : .
100 .02 volts for a full swing of the output. This then would indicate

that the dutput gate edge would be similar to the time it took for the input
to change from.365 to 385 mV ifvthe amplifier bandwi&th is adequatef With
~proper biasing the output gate levels could be made compatible with some logic
family which would make the foi]owing ‘and' gate simple to construct.

The considerations then are the bias'point stability, the gate edge slope
and logic compatibility. There is a propagation delay consideration particularly
when using multiple gain stages in series to obtain the required gain.

The Schmidt version is not too much different. Positive feedback is
provided to the bias point in order to interfere least with the Full Wave
Rectified signal fig4zThe feedback resistor Rf is connected between the out-
of-phase output and the bias reference network. The percentage feedback is

determined by the signal swing on the collector and the resistor divider

10.6
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DETECTORS

network‘to the input signal. This circuit is easier and cheaper since it
provides a large gain, fast slopes and a more stable bias reference than a
multiple amplifier chain required to get the same slope. Also a second
advantage is the shorter propagation delay and freedom from noise_while

traversing the bias point.

The differentiator may take several forms ranging from passive differen-
tiator to active. Operational amplifiers are usually not suitable due to
their restricted bandwidth. We can build discreet active differentiators
fairly easily. Consider a differential amplifier with a capacitor in the

series feedback path or a resistor and capacitor.

The cain equation simply becomes from Fig 9«3 A

2 K. 2K CS

Re + 21 + 7% B ‘((54»2/2)(5 + / (EQ 9.2)

When rearranged, we can see both:the zero at the origin, which we.desire,"and
a pole which would be helpful to restrict the bandwidth related noise.  There
are other poles resulting from the internal transistor-and stray capacitances.
The circuit is inherently AC balanced in the emitter but does:reQUire DC
current source balance and load resistor balance if odtput DC levels are
important. |

The same circuit can be built using an inductive load with similar results.
Here a single current source could be used if we wanted