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Design Considerations for High Data-Rate
Pre-Amplifiers for Use in a Disk-Drive

John D. Leighton, Sally Dohertyember, IEEEand Carl Elliott

Abstract—n an effort to achieve higher data-rates in
disk-drives, it has been proposed that moving the preamp closer
to the head will improve writer performance. This paper will
show that the opposite is true: moving the writer closer to
the head degrades write current rise-time and overshoot. Al-
though settling time is improved by moving the preamp closer
to the head, impedance-matching techniques are sufficient to
address this. Ironically, reader considerations may motivate
Chip-On-Suspension (COS), but only for MR sensors that are
either very high or very low impedance. This paper will detail
the noise peaking that results from an impedance-mismatched
reader input network. Both reader and writer performances can
be improved by using novel architectures and by optimizing their
respective interconnects.

Head Stack

Interconnect

Index Terms—Bandwidth, disc-drive, disk-drive, head,
impedance-matching, input-network, interconnect, MR, noise,
preamp, reader, response, rise-time, writer.

Fig. 1. E-block assembly of today’s disk-drive.

|. WRITER DESIGN REQUIREMENTS time of the 1 T-cell can be used to achieve steady state. Again,

HERE are two independent design requirements thsihce the natural time constant of the interconnect/head is
must be achieved for a high-frequency writer. First, Bbong compared with the 1 T-cell, the writer must terminate the
specified rise-time must be achievable for a given head lodde-time portion of the waveform at a point when the head is
and interconnect. Second, the pattern dependant distortion musy near to steady state. This is writer design in a nutshell.
be maintained below a specified threshold. The requiremeigsply maximum voltage during the rise-time portion of the
for the two goals are simply defined. For minimum rise-timayaveform, and then bring the system to steady-state before the
maximum voltage must be delivered across the head. Omext transition.
way to eliminate pattern dependent distortion is to ensure
that every node of the system is at steady-state prior to the Il. WRITER SYSTEM DEFINITION

subsequent transition. With write current precompensation an

fast rise-times, acceptable pattern dependent distortion Ieve:ﬁhe writer system consisting of a preamp, interconnect, and a

may be achieved without strictly meeting this condition. Threead/wrlte head is shown in Fig. 1. The head is located at the end

problem with achieving steady state is a difficult one; in that th%f a suspension and is electrically connected to the preamp via

time required for achieving steady state is the 1T-cell time. ngproximately ffty millimeters of inte.rconnect. The differential
example, if a writer is being designed for 1 Gbit/sec operatioﬁngegznceﬁ?) ofthe |ntt_ercot_nnect |sfus?t?lly k?{etween 5? _and
the 1 T-cell time using a typical 16/17 code is 941 picoseconcils2 ms. The propagation timey{;) for the interconnect is

Not all of this 941 picoseconds is available for the purpose Bqughly 250 plgose(:_qnds.
allowing the nodes to settle and reach steady state. Because tr@'s paper |d§nt|f|es the .system parameter s that enable
natural response of the interconnect/head system is long c& | preamp designer to opt|m|ze the eIectromc response of
pared with a 1 T-cell time, the preamp must drive the syste ° V\_/r_lte—head. Here we will use the following typical write
with voltages that greatly exceed the steady state solutioncl?nnd't'ons'
order to achieve write current levels within the 1 T-cell time

e . . . . Vavarn =8Volts
limit. Therefore, during the first portion of the write-current VAL

. . . . =5
waveform, called the rise-time or transient portion, the system Iy =50 mA
is not being driven toward steady state. Only the remaining Ry =50 Ohms
Trr, =250 p sec (1)
Manuscript received July 6, 2000. , _ A simple head model will be used for the writer analyzes,
The authors are with the Lucent Technologies, Bloomington, MN 55425 USﬁ h h th | I licabl l
(e-mail: {johnleighton; sallydoherty; elliottc}@lucent.com). although the results are generally applicable to more compli-
Publisher Item Identifier S 0018-9464(01)02267-1. cated models such as the Klaassen head model [1]. Fig. 2 depicts

0018-9464/01$10.00 © 2001 IEEE



628 IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 2, MARCH 2001

IV. RESPONSE OFSINGLE ENERGY-STORAGE ELEMENT MODEL
WITH INTERCONNECT

The single energy-storage element write head model with an
interconnect will now be evaluated. This system is representa-
tive of conventionally located preamps. The differential equa-
tion for the current in the inductive write element as a function
of the voltage applied by the preamp is given by:

L WHX

R, +R ol
2Vapp=(Rs+ Ryrp)l1 + L <1 + 7“) L

Rp 5 D

: WHYQ ,

This differential equation is the same as that of a voltage
source (having a source impedance/&f;) driving the head.
This voltage source delivers twice the voltage than that deliv-
ered by the source for the system without interconnect. This is
how a transmission line system behaves for the first two delay
times of the transmission line. This can be verified by evalu-
ing the open head response and the short circuit response of
Is source. For an open head, the source delivers twice the ap-
plied voltage 2V 4 pp) for the first two delay time constants due

Fig. 2. Simple write head model.

this single energy-storage element model with typical elemen?ﬁtl
values given below:

L =25nH to the reflection of the incoming signal. For the short circuit re-
Rp =200 Ohms sponse, the current sourced is equal to twice the applied voltage
divided by the differential impedance of the transmission line
s =10 Ohms @ (2Vapp/Rr1) due to the negatively reflected wave.
The boundary conditions that will be used for this differential
IIl. RESPONSE OFSINGLE ENERGY-STORAGE ELEMENT equation are again those of an applied step function. This time,
MODEL WITH NO INTERCONNECT however, the maximum current that can be delivered to the in-

. . . . ductor is limited by the transmission line
The writer system equations will now be solved using the

single energy-storage element write-head and no interconnect.
This system simulates a preamp located immediately adjacent
to a write head, and approximates a chip-on-suspension (COS) In(t — o) = 2Vavarr + 21w Rs _ Iy ®)
solution. The differential equation for the current in the induc- Rs+ Ry,

tive write element as a function of voltage applied by the prea
is given by:

IL(t<0)=—Iy

m
'I'%e write current equation of this simple modeled is now given
by:

Rp ot -’

The boundary conditions that will be used for this differen-
tial equation are those of an applied step function. Here, the @Rsre the constantg andr are given by:
plied voltage for times less than zero will be that voltage that

R ol
Vapp=Rslp + L <1 + —S> =L 3

—t
I, = —Igexp <7> + Iy — Iw. (9)

creates a steady-state write current-dfyy. For times greater 2(Vavarr + IwRs)
than or equal to zero, the applied voltage will be the supply o= Rs + Ryp,
limited voltage available to the preamp. The resulting boundary I Re+ R R
conditions are: = < st hipt TL) . (10)
(Rs+ Rrr) Rp
It <0)=—1Iw
Vavarr Fig. 3 shows the natural response for both systems.
I (t — ) = = . 4)
S
The solution to this equation is given by: V. ANALYSIS OF WRITER LOCATED NEAR WRITE HEAD
¢ When a writer is located near the write head, rise-time degra-
I = —(Iw + Io)exp <7> + Io. (5)  dation occurs (in general) and interconnect related pattern de-
] pendency disappears. To demonstrate this, the solution to this
Here, the constantg andr are given by: system, given by (5) and (6), needs to be analyzed. If one solves
Vavarr (5) for the zero to 100% rise-time (the time urfiil= Iy+/), one
I, = =2 e
Rs finds:

L Rs+ Rp Io-i-]vv) (11)

"= Rs <R—P> . (6) to—100% = 7ln <m
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In this case, the two methods of decreasing rise-time must
again be explored. In this case, the head parameters do not
determiner completely. The differential impedance of the
interconnect affects and I,. Substituting the solution fof
andr given in (10) into (14) and approximating using truncated
Taylor series results in:

Rs +RP+RTL) < Iy )
Ep Vavarn + IwRs )~
(16)

3@Bm *- v

200m L

< sem .

to—100% ~ L <

e - In this case, reducing the differential impedance of the intercon-

nect reduces the rise-time as does increasing the supply voltage.
This improved rise-time comes at the expense of increased
~1eom, . b ik T o .. power. As the differential impedance of the interconnect is
time (=) reduced, more current is delivered to it at a given applied
Fig. 3. Step response of simple head model with and without interconne%?ltage' Much of this (‘furrem is reflected by the head an,d m,USt
Note that the system with interconnect exhibits faster initial rise-time. be removed from the interconnect by the preamp termination.
As the transmission line impedance approaches zero, the
Using our standard parameters for the write head and suppBe-time for the system with the interconnect is one-half that
voltage, thed — 100% rise-time is equal to: of the system without interconnect.

to—100% = 329 p sec (12) VII. PATTERN DEPENDENCY AND SYSTEM NATURAL TIME

By examining (11), one can see that there are two ways of CONSTANTS

decreasing the rise-time. First, one can reduc8econd, one  Reducing pattern dependent distortion to an acceptable level
can increasd,. The head parameters determineompletely, is a very difficult task of the preamp designer. Pattern depen-
makingr a fixed function of the head. Substituting the solutiodent distortion has many sources. An improperly terminated
for  andI, given in (6) into (11) and approximating using truntransmission line between the channel and preamp will result

cated Taylor series results in: in distortion of the write data at the input of the preamplifier.
The large transient supply currents of the preamp during write
foroos ~ L <R5 + Rp) < 21w ) . (13) mode causes the power supply to sag at the beginning of a

Rp Vavarr write burst, which in turn affects the write data integrity. These

Thus the only parameter available to the system designer to l&§g€ power supply transients also distort the input signal. This
duce rise-time is the available voltage. type of signal distortion falls into the classification of power

supply rejection issues. Every circuit node in the preamp must

VI. ANALYSIS OF WRITER WITH INTERCONNECT BETWEEN ~ Pe properly designed such that it reaches steady state prior to
HEAD AND WRITER a subsequent transition. Finally, the transmission line and write

L _ ) head must reach steady state prior to a write current transition

_ When a writer is located far from the write head, with ag, yhe hreamp must be impedance-matched to this transmis-
interconnect between the two, rise-time is improved (in generaihy, jine. This interconnect system between the preamp and the

and interconnect related pattern dependency becomes an isgige head has traditionally been the largest contributor to pat-
The solution to this system is given by (9) and (10). Solving (%rn dependent distortion.

0, i -ti n: . .
for 0 — 100% rise-time results in: There are at least four methods of reducing electronic pattern

Io ) (14) dependent distortion to acceptable levels. First, one can allow
Ip—2Iw )’ the system to decay to steady-state naturally. Typical natural
) . time constants for the preamp/write-head system, given by
Using our standard parameters for the write head, SUPRR ang (10) are too long for today's data rates. Second, the
voltage, and transmission line, the- 100% rise-time is equal gy gtem can be overdriven to decrease the time it takes to drive
to: the system to the desired state. This technique is routinely
employed by preamp designers. This method decreases the time
that it takes the head to reach a targeted write current, however,
This improvement in rise-time is due to the “excess” voltagé does not address pattern dependency. This technique must
that the head sees due to the reflection of the write current wdbe combined with one of the following two techniques to
at the write head. Because the rise-time of the writer systatiminate electronic pattern dependency. Third, the preamp
with interconnect is less than the writer solution without intemrite-driver can be designed with an output impedance that
connect, a chip on suspension solution generally has a slowsatches the transmission line impedance. This coupled with
rise-time than a writer solution where the preamp is removegerdriving the system is one solution to achieving steady-state
from the write head via an interconnect. within the 1-T cell time allotment without incurring pattern

to—100% = 71n <

to—100% = 236 p sec (15)
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Reader Front End
Read Head Channel
Head Interconnect Preamp Interconnect Channel
Fig. 5. Schematic showing reader front end.
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Fig. 4. Eye pattern of pseudo random data generated by an advanced 2 3 ,
impedance-matched writer into a simple head load. The peak current is 90 mA L I
and the steady-state current is 40 mA. 5 L s A P MY R
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Frequency (Hz)
dependent distortion. Fig. 4 shows an eye pattern diagram E‘?J 6. Gain-Bandwidth plot for voltage-sens@4. = 1000) and

a preamp that uses this technique. Finally, moving the chip d@rent-senseff». = 10) readers.
the suspension combined with overdriving the head allows for

reduced pattern dependent distortion.
N P P ! ! is quite small (typically about 1 mV for today’s production

GMR transducers). Any noise produced here or coupled into
VIIl. READER TECHNOLOGY this system will be amplified by the full gain that is used
(g?r signal amplification. Since this system is typically not

In today’s 3.5 inch hard disk-drive, the front end consists . .
] . mpedance-matched, the response to the signal is not constant
three components: a preamp, a spin valve read head, and an

o . . over frequency. Fig. 5 shows a schematic of the input network.
electrical interconnect that is approximately 50 mm long. T . Y- 719 P

front end can be modeled as a transmission line with a sou[]c%ri]ng transmission line analyzes such as those given by
(MR head) and a load (preamp) attached to the end. Todaéps nsonret al. [2], the signal transfer from MR transducer to

: : . : reamp input is described by the following transfer function:
typical spin valve MR transducer has a nominal resistancte pinp y 9

(Rmr) between 30 and 80 ohms. The differential impedance

of the input network interconneck(r 1) is usually between 50 A4y, = Vra
and 120 ohms, and the differential input-resistange {) of Vur
the preamp is either low (less than 25 ohms) for a current-sense — RpaZrr .
reader or high (greater than 200 ohms) for a voltage-sense  47L(Rpa+Rur)coswr+j(RpaRvr+27 ) sinwr
reader. The propagation time+(;) for the input network (7)

interconnect is roughly 250 picoseconds. The input network

can degrade the signal response and noise figure of the reafle that the gaingy-) is a periodic function of frequencwsy.
data path. For example, an input network whose preampNste that the gain periodicity is solely determined by the inter-
impedance-matched to the interconnect has a significangynnect propagation time and is independenkef;. In other
higher noise figure than that system in which the MR transduagbrds, the periodicity for a current-sense preamp is the same as
is impedance-matched to the interconnect, even though bgilt of a voltage-sense preamp.
systems have frequency independent response characteristicNotice that the magnitude of the gain variation is equal for
The remainder of this paper will detail the response and noig®: two sense-schemes if the input-impedances of the two
relations of the input network parameters. schemes are equivalently mismatched from the interconnect.
For example, if the interconnect differential impedance is
100 ohms, a 1000 ohm voltage-sense preamp and a 10 ohm
current-sense preamp have the same magnitude of gain varia-
tion. The voltage-sense response will show peaking, and the
The input system or input network, which includes theurrent-sense response will show attenuation. Fig. 6 shows the
MR transducer, the interconnect between the preamp and tlesponse plots of this input network for both voltage-sense and
sensor, and the preamp, is the single most sensitive systencunrent-sense preamps that have equivalent transmission line
the entire read-path. Here, the signal that the sensor generatesnatches.

IX. EFFECTS OFINTERCONNECT ANDMR RESISTANCE ON
RESPONSE
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X. DUALITY OF VOLTAGE-SENSE AND CURRENT-SENSE 20

Because both current-sense and voltage-sense architectures : : :
have the same periodicity and gain magnitude ratios, they are 160 proe S R A1 a

duals of one another. Two networks are said to be duals of one ’g‘ T IS %
another if their responses are equal. Here, the two networks do §  pq b il
not have equal responses, but the magnitude variation of their §

N

responses are equal as is the periodicity of the response vari- : : :
ation. The term duality will be used here in a liberal fashion e Y AR N
for lack of a better term. This duality occurs for a current-sense ‘ ‘ :

voltage-sense preamp pair in the specific case when their input- Py — | e
impedances are equivalently mismatched from the differential 1 d ¢ ¢ 10°
impedance of the interconnect. This results in reflection coef- frequency

ficients whose magnitudes are equal but whose signs are oplp_o—
site. This gain ratio is due to reflections that are constructiyﬁ' !
or destructive. The magnitude of the peaking is roughly pro-
portional to the product of the two reflection coefficients of thg,ction of frequency. The equivalent impedange:,) of the

input network Eyr) for small reflection coefficient products. input network as seen from the preamp is given by:
Here Kwr is the reflection coefficient at the MR transducer

end of the interconnect anll 4 is the reflection coefficient
at the preamp. For an interconnect of differential characteristic

i_m_pedanceZ termingted_in a re_sistandé, the reflection coef- Fig. 7 shows the plot o, vs. frequency using typical values
ficient & at the termination is given as: for the input network parameters. Note that the equivalent

Equivalent impedance seen from the preamp input looking toward the
gnetic read head.

Ry coswt 4+ 3 Zrp sinwr

Zpg = Zrp, (21)

Zrp coswt + jRyr sinwr’

R_Z impedance peaking is greater than the gain peaking given in
= Riz 18) (@v).
If one applies a current-noise source across the inputs of the
For poorly matched system& (s> Z or R < Z), preamp and evaluates the input-referred voltage-noise associ-

ated with this source, one obtains:
K =~ +1. (29)

i —referre Team RpsZg 1
Vlnput > ferred _ Iﬁr amp PAZLEQ (22)

7 .
. Rps+ Zpg Av
Typically, voltage-sense and current-sense preamps present

input-impedances that are poorly matched to the interconndéone solves (22) using (17) and (21) the input-referred voltage-

In these cases, noise of the preamp’s equivalent current-noise becomes:
input—referred _ ypreamp - .
KyrKpa ~ +Kur. (20) Vi =1 (RMR coswT + j Zp sinwT).

23
In other words, the magnitude of thiygr Kp,4 product is 23)
determined by the MR-interconnect mismatch and not by tieone now applies a voltage-noise source in series with the input
preamp-interconnect mismatch. The sign of therKpa4 of the preamp and evaluates the input-referred voltage-noise as-
product is determined by the preamp-interconnect mismatéciated with this source, one obtains:
or the sense scheme (typically for voltage-sense and ) U 7 il
for current-sense). This means that even for voltage-sense yyremreferred - AA— (24)
and current-sense preamps whose input-impedances are not v
equivalently mismatched from the interconnect differentidf one now applies (17) and (21) to (24), the input-referred

impedance, they are still very nearly duals of each other. ~ Voltage-noise associated with the preamp’s equivalent
voltage-noise becomes:

XI. NOISE IMPLICATIONS OF IMPEDANCE MISMATCH FOR ) ypreamp
Vmput—referred _ YN [Z (R +R )
VOLTAGE-SENSE AND CURRENT-SENSE v = Rpaz rLiiipat ivr COS WT
PALTL
H H . 2 .
The noise of a preamp can be decomposed into tvx_/o com- +j(RpaRyp+Z7 ;) sinwT].
ponents: a voltage-noise component and a current-noise com- (25)

ponent. Because the input network is impedance-mismatched,

input referring these two noise-components results in frequendgte that as one noise component increases, the other decreases.
dependencies. Here, it will be shown that the two componerscause the two noise components are mostly uncorrelated, the
have frequency responses that are opposite of one anothetwla components add as the square root of the sum of squares.
other words, one noise component has a frequency responsefivain though one noise component is reduced at resonance, the
peaks at resonance, while the other is attenuated at resonatatal system noise is typically increased at resonance because of
To solve for the input referred equivalent noise as a function tife lack of correlation. This noise peaking is often the dominant
frequency, one needs to find the input network’s impedance asaurce of high frequency noise.
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Also noteworthy is that this noise peaking is a function o
the impedance mismatch of the MR element and the transmis-
sion line. Designing a preamp with an input-impedance thag. 9. Weighted integrated noise figure versds; for voltage-sense
matches the transmission line results in a flat signal responggamp.
but does not address the noise peaking. If the MR sensor is of

an impedance that is outside of the practical values for the difq irements became a large fraction of the input network res-
ferential impedance of_a transmlssmn line, COS readers WoWdant frequency (Lior 1 GHz typically), the preceding high
reduce the system noise. Putting the reader closer to the h?r@auency issues were unimportant. Now that the bandwidths

increases the resonant frequency of the input network, and thils high Telative to the input network resonant frequency, the

pushes the noise peaking to frequencies (hopefully) outside;Qf, ¢ network parameters have significant effect on the system
the reader pass-band.

performance. The following simplified statements summarize
this paper.
» Conventionally located preamps have faster writer rise-
The specification for the range for the MR resistance is typ-  times in general than preamps located on the suspension.
ically 30-80 ohms. Having such a large resistance range re-+ Pattern dependent distortion can be minimized by either
sults in a large distribution of gain and noise responses (see using impedance-matching techniques or moving the
Fig. 8). To optimize the worst-case response of the system, the preamp closer to the head.
differential-impedance of the transmission-line should be set * Voltage-sense and current-sense reader architectures are
to the geometric mean of the MR resistance range (49 ohms). duals. Neither architecture is inherently favorable for high
The preamp frequency response is limited, however, by the high  bandwidth application.
and/or low value of MR resistance. If the resistance range of the « For optimal noise performance, the transmission line dif-
sensor were smaller, the frequency of operation would be cor- ferential impedance should be set to the geometric mean
respondingly greater. of the high and low limits of the MR resistance range. This
The noise of the system is also a function of the mismatch is also an optimal solution for the systems’ bandwidth and
between the MR resistance and the transmission line differ- group delay.
ential impedance. Fig. 9 shows the weighted integrated noise* Limiting the range of the MR resistance allows for higher
figure of a preamp as a function of transmission line differential ~ bandwidth and improved noise performance.
impedance. One way of optimizing the interconnect is to choose ¢ For MR sensors withimpedances that are outside the range
the value at which the high and low MR resistance noise re- of practical interconnect-impedances, moving the reader
sponses cross. This value of interconnect differentialimpedance to the suspension will likely be required to suppress the
is generally quite near the geometric mean of the high and low noise peaking of the impedance-mismatched system.
MR resistances.

Interconnect Impedance (Ohms)

XII. CONSEQUENCES OMMR RESISTANCERANGE
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