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The servo writer is known as the most 
accurate and sensitive tool  on an HDD (hard- 
disk drive) manufacturing line. ESPER-2 is 
designed as a product-independent common 
servo writer which incorporates major 
advances in equipment  cost, reduction of 
clean-room requirements,  and writing 
accuracy.  The servo writing process consists 
of two stages.  The first stage writes the master 
servo pattern on as  many  as ten disks at  once 
with little need for contaminant protection 
facilities. One such master disk is then 
assembled with other,  raw, disks in a file,  and 
the second stage writes the proper servo 
pattern on  all  disk surfaces by referring to the 
master.  The effects of off-center discursions in 
the mechanical disk assembly and random 
runout (NRRO, or nonrepeatable runout) in the 
product spindle components are eliminated by 
table-lookup servo actuator control, so that 
writing accuracy is improved.  Neither  an 
exceptionally clean environment nor fine 
mechanical parts are required for the second- 
stage  operation. 

Introduction 
Larger  capacity  and higher performance  are being  required 
of all hard file products including low-end HDD (hard  disk 
drives).  To obtain faster  and  more  accurate  head position 
control, closed-loop servo  control is generally more 
effective than  other  methods.  However,  servo  writers  are 
required to  write fine servo  patterns  on  the disk surfaces 
during  manufacturing [l]. Because  conventional  servo 
writers  are  extremely  expensive  and  sensitive  to  vibration, 
contamination, and  electromagnetic interference, they  must 
be  operated  on  heavy  granite anti-vibration tables in a 
clean  room that is itself protected from vibration  and 
shock.  For high-volume  production, these  requirements 
present a considerable problem of cost  and  quality  control. 
In addition, the influence on writing accuracy of NRRO 
(nonrepeatable  runout) in components of the spindle motor 
cannot  be  compensated.  This is one of the major concerns 
in manufacturing  low-cost HDD, in which  air  bearings 
cannot  be used because of their cost.  ESPER (Economical 
Servo  Pattern  EmbeddeR [ 2 ] )  was developed to allow 
office-environment operation  without  clean-room  or anti- 
vibration  facilities. However,  ESPER  was specially 
designed  for compact  HDDs, which have a  spindle motor 
with  an outer  rotor  and a rotary  actuator  with an extended 
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pivot shaft. The outer rotor is not  used in more advanced 
low-end HDD products, in which a dual-supported in-hub 
motor (a spindle motor in which the rotor and stator  are 
packed  inside the hub)  is  used to keep  mechanical  resonance 

4 high.  In larger file products, a linear actuator is used rather 
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than a rotor, and the NRRO  problem has also not yet been 
solved in ESPER. For these reasons, the original ESPER 
architecture may  not be practical for future products. 

ESPER-2 is  designed with a new architecture, which is 
independent of product specifications and reflects advances 
in total operation cost, process performance, and writing 
accuracy with respect to spindle NRRO. 

The ESPER-2 concept 

Dual-stage  writing 
In the ESPER-2 architecture, the servo writing process is 
divided into two stages, as shown in Figure 1. 

The first stage, or “pre-stage,” writes the master servo 
pattern at the single-disk level. Figure 2 shows the pre- 
writer apparatus. Up  to ten disks are stacked and written 
at once on the writer spindle. The master tracks are very 
precisely written in regular circles concentric with the 
center of the master spindle. This stage is operated in a 
class-100 clean environment. 

One master disk  is then mounted with other, raw, disks 
in a file, as shown in Figure 3. There is an  offset of several 
tenths of a micrometer between the center of the master 
track circle and the center of spindle revolution in the file. 
The offset  is  fixed and stable; it  is considered to be an 
RRO (repeatable runout) component of the master servo 
track. 

Figure 4 shows the post-writer (second-stage) apparatus. 
Both head-position control and the readhvrite operation are 
electrically performed, with  no  fine mechanical parts. A 
DSP  (digital  signal processor) used as a digital servo 
actuator controller provides fast and accurate head 
positioning by sampling the master pattern. Diswspindle 
RRO components are digitally measured and canceled by a 
table-lookup method. Then the post-writer writes the final 
(proper) servo tracks following concentric circles centered 
on the spindle rotation. The readbi te  clock is generated 
to be synchronous with the master pattern sector signal. 
The influence of  RRO components on clock stability is also 
canceled by another table-lookup method. Finally, the 

IBM J. RES.  DEVELOP.  VOL. 31 NO. 1 JANUARY 1993 



M = Master . . 

Post-writer apparatus. 
, .  '. . . .  

. . .  . ,  

M 

f Allocation of master and proper sectors. 

master servo pattern is erased during the product-test 
process after proper servo writing is completed. 

Master and proper servo patterns 
Figure 5 shows both the master and the proper servo 
patterns. The master pattern has several times more 
sectors than the proper pattern in order to provide higher 
sampling frequency. 

signals. The identification part of the master signal is 
different from that of the proper signal, so that the master 
pattern can be read as a normal datum through the 
read/write channel of the product file, making it easy to 
erase. 

proper tracks. The master tracks are written from the 
outer track to the inner track over nearly the entire disk 
surface. The position of the outer crash stop in the product 
file, however, is at least 1000 pm away from the edge of 
the disk for safety. Therefore, the master pattern can be 
read from any position at which the product head happens 
to park. The first proper track position is then determined 
from the crash stop using an offset from the first master 
track. 

Figure 6 shows examples of the master and proper servo 

Figure 7 shows a radial cross section of the master and 

Pre-writer 

Configuration 
Figure 8 shows the pre-writer configuration. To prevent 
external vibration, a granite table is used for the fixture 
base. Air-bearing spindles are used to obtain accurate and 
stable disk revolution. A dc brushless motor is directly 
mounted in the spindle. An optical sensor is also mounted 
in the spindle, to accurately detect disk revolution. 
Nonrepeatable jitter components of the optical sensor itself 
must be strictly controlled to obtain a clear master pattern. 
Repeatable jitter components can be canceled by a PLL 

sync Burst 
DATA ID TrackID A B C D DATA 

/\(rJGJ\/ Master 

Master and proper servo signal example 

Roper pattern Crash stop 
-* -_ _ _  __ _ _  I 

Master track 
Disk  ----t Outer 

-_ _ _  _ _  _ _  _- -_ __ _ _  
7 6 5 4 3 2 1 0 4---- Master track number 
4 3 2 1 0  +--- Roper track number 

4- Offset --t : Electrically measured 

I Radial cross section of master and proper tracks. 

(phase-locked loop) circuit, as discussed later in this paper. 
This technique allows us to use a commercial optical 
encoder without special fabrication. 
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An air-bearing spindle is also used to support the rotary 
actuator axis. A rotary dc motor is directly mounted in the 
air spindle. The angle of the actuator is detected by the 

6 same laser encoder technology as that used in the original 
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ESPER actuator control system [3]. The optical pattern 
disk of the encoder is directly coupled with the air-bearing 
axis. The servo controller detects the actuator angle by 
canceling the encoder error and drives the dc motor 
directly with a current source. 

The position of the first master track is  initialized to a 
zero-reference position, such as the crash stop on the pre- 
writer. To write the master pattern from outer track to 
inner track, the position of the zero-reference position is 
finely tuned off-line.  Tilting components of the disk spindle 
and actuator axis are also controlled accurately. The 
actuator length  and its position against the disk spindle 
are set to be the same as the product dimensions, which 
reduces the difference between the pre-stage write-head 
yaw angle and that of the product head. The pre-writer 
head width is then determined to be a little wider than the 
product track pitch, to obtain a master-track pitch that 
depends on actuator control accuracy but is independent of 
the head width. 

Actuator control 
The encoder error-cancellation algorithm  is the same as 
that of ESPER. The actuator angle  is detected to 0.04 
seconds of resolution, which corresponds to about 0.01 pm 
of the typical  3.5-inch product-head travel range.  The  DSP 
is  applied to compute the error-cancellation algorithm  and 
the feedback flow.  This approach, and a stiff actuator 
which has very high mechanical resonance, permit  high- 
gain servo control with a high sampling rate. The air- 
bearing axis is  much smoother than any ball-bearing 
assembly which has nonlinear dynamics. The applied  ADC 
(analog-to-digital converter) and  DAC (digital-to-analog 
converter) have enough resolution to eliminate 
quantization error. 

Readlwrite timing  control 
Servo readlwrite operations require a stable system clock 
that is synchronous with  real  motor revolution, eliminating 
any optical-sensor error. In ESPER architecture, the twin- 
PLL error canceler was developed. The  following method 
reduces the jitter problem better than ESPER. The optical 
pattern disk has uniform errors, which cause repeatable 
jitter on the optical sensor output. A VLC-PLL (variable 
loop counter PLL), which  is shown in Figure 9, eliminates 
the repeatable jitter and generates a stable system clock 
which  is synchronous with the spindle revolution. 

In Figure 9, a PD (phase detector), an LPF (low-pass 
filter), a VCO (voltage-controlled oscillator), and a VLC 
make  up the PLL synthesizer. Input is the optical sensor 
signal. Output is the system clock. The  pole of the LPF is 
placed to reduce high-frequency sensor error. The MPU 
(microprocessor unit) stores  a VLC counter value for each 
sector. When the counter value is set to correspond to the 
characteristics of repeatable error, the output frequency 
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will be stable. The VLC might be regarded as an internal 
model of the repeatable error. Then the output-signal error 
contains only the wow-flutter spectrum of the motor. To 
make the discussion simple, consider the following 
example: 

Number of sectors on  an optical disk = 1000 sectors. 
Motor revolution cycle = 60 Hz. 
PLL output frequency = 60 MHz. 

In this case, the nominal counter value of the VLC is 
obtained as 

60 000 000 

1000 x 60 
= 1000. 

If there is  no sensor error, 1000 for every sector is the 
best value to stabilize the frequency of the PLL output. 
The values are changed in  all other cases. For example, 
when the sector length is too long, the counter value is 
set larger; if sector length is too short, it  is set smaller. 
The sector number is addressed by an SRC (sector-ring 
counter), which counts the sector pulses from the VLC. 
Therefore, the counter value can be changed at every 
sector. The  WFG  (window-frame generator) generates a 
reference window frame from the crystal oscillator. The 
output frequency is the same as the averaged value of the 
PLL input frequency. The FCC (frame-clock counter) 
counts the number of PLL output pulses during each 
reference window frame. The MPU calculates and stores 
the VLC counter value from the FCC output data. The 
sum of  all data must  be 1000 X 1000 = 1 000  000 to keep 
the PLL output frequency at 60 MHz.  The VLC counter 
value converges after several iterations of the above tuning 
sequence, and the repeatable error is then eliminated on 
the PLL output. 

Post-writer 

Configuration 
There are two modes in the post-writer stage. In the 
calibration mode, the disk  RRO components are measured 
in advance of the proper pattern-writing mode.  The 
actuator is exercised and parked at the outer crash stop by 
a constant VCM (voice-coil motor) current. Then the RRO 
components are measured by reading the master servo 
pattern with the file’s  own  head at the crash stop position, 
as shown in Figure 10. The detected data are stored in the 
RAM (random-access memory) table. The actuator 
position  is controlled by a sector servo system that refers 
to both the master pattern and the table. The head  position 
can then be controlled to follow the proper tracks, which 
are concentric with the disk spindle. 

disk surface (including the master disk itself) by 
A proper sector servo pattern is written on each 

proper - track 

circumferentially skipping every second replication of the 
master pattern (see Figure 5). In the case of a dedicated 
servo product, the continuous pattern is written through a 
servo-dedicated channel onto each dedicated surface which 
is  different  from the master surface (for example, the 
opposite side of the master surface.) 

Actuator control 
To realize table-lookup RRO compensation, digital 
actuator control is necessary. However, there are 
mechanical resonance problems caused by aliasing when 
digital  signal processing is  used.  The post-writer uses a 
product-file head/actuator whose resonant frequency 
depends on the file mechanism  and  is  not high enough to 
be ignored. Conventionally, electrical notch filters are used 
to reduce the problem, as shown in Figure 11. However, 
this method  is  not robust enough to overcome the variance 
in resonant frequency [4, 51. 

In ESPER-2, an  analog LPF (low-pass filter) is  applied 
between the DAC  and the power  amplifier to reduce the 
high-frequency spectrum of the VCM current (Figure 12, 
part 1). The pole of the first-order LPF is  placed at around 
1/10  of the sampling  period. Loss in the servo band is 
regained by a digital compensator, as shown in part 2 of 
Figure 12. 

controller using an accurate discrete model. The model 
describes not only the dynamics of the VCM-actuator 

The above idea  is  realized by designing  an  optimal servo 

I 

7 
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a Frequency  response of actuator  with  notch filter. 

a Frequency  response of actuator  with  LPF  and  digital  compensator. 

system but also an LPF for digital  sampling. The loss due 
to the LPF in the servo bandwidth is naturally regained 
by the servo controller. Given the assumption of linear 
continuous modeling, the LPF-actuator system transfer 
function is  given by Equation (2), 

Y @ )  bc 
u(s) sZ(s + a )  ' 
_" - (2) 

where a is the pole of the LPF, b is the input  gain,  and c 
is the output gain. (Actually, there are additional resonant 
modes, but their frequencies are higher than the Nyquist 
frequency and they are negligible here.) 

Equation (3) is the continuous-state equation; the output 
8 equation is Equation (4): 

k(t) = Acx(t) + Bcu(t), (3) 

YO) = Cx(t), (4) 

where u ( t )  is the input (DAC output) at time t .  If x is 
defined as the head position, the state vector x is 

= [ d t ) ,  4 t ) ,  W I T ,  (5) 

and the system matrices Ac, B,, and C are as follows: 

c = [c 0 01. (8) 

The actuator angle, which is detected as the head 
position  signal,  is sampled over period T.  Given the holder 
characteristics of the DAC output and a computational 
delay 7, the discrete-state equation is obtained as 
Equations (9) and (10) (see also Figure 13): 

x(i + 1) = Ax(i )  + B,u(i) + B,u(i - l) ,  (9) 

y( i )  = Cx(i), (10) 

where the matrix A and the vectors B, and B, are as 
follows: 

A = exp (ACT), (11) 

B, = joT" exp (Act) dt  B, , (12) 

The discrete transition matrix A is  given by 

(ACT (ACT ) 3  
A = I + A c T + -  +-+... 

2! 3! (14) 

When Equation (14)  is analytically solved [6], Equation 
(15) results: 

1 T - (I  - U T  - exp-"')/aZ 

(15) 

Then the discrete input vectors B, and B, are obtained: 

where the elements are 
aZ(T - 7)' 

2 
1 - a(T - 7) + - exp 
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1 - a(T - T )  - exp-"(T-T) 

a' 
b,, = -b 9 (19) 

1 - exp"'T-'' 
b,, = b 2 

a (20) 

a' 
a7 - - T ( ~ T  - T )  + exp-uT - eq-a(T-T) 

2 
b,, = -b 

a3 9 (21) 

+ exp-"T - exp-"(T-') 
b,, = b 3 (22) 

eq-"T - exp -a(T-') 
b32 = -b 

a (23) 

Next, Equation (9) is extended to the standard format of 
the state equation, with a digital integrator term v which 
represents the internal model  of the servo system. By 
defining the extended state vector xd(i) as 

xd(i) = [x( i ) ,  3i), ~ ( i ) ,  u(i - I), u(i)lT, (24) 

the extended state equation is obtained: 

xd(i + 1) = Adxd(i) + Bdu(i), (25) 

where the matrix Ad and vector Bd are 

A = 0 1 x 3  o o , 
d I: ::I (26) 

Bd = [BF, 1, 01'. (27) 

The optimal servo controller is obtained by the following 
LQ method. The cost function J is determined by selecting 
the weighting matrixes Q E R5x5  and R E RIX1 such that 

l r n  
J = - [xd(i)TQxd(i) + ~ ( i ) ~ R u ( i ) ] .  

2 (28) 
i=O 

The feedback gain F is obtained by solving the following 
Riccati equations: 

P(i + 1) = Q + A:P(i)Ad - A;P(i)B,F(i), (29) 

F(i) = [R + B:P(i)Bd]"B:P(i)Ad. (30) 

Then the optimal feedback system input  is 

u(i) = -F(~)x(i) .  (31) 

To estimate the state vector x, a Kalman  filter  is  used. 
The design  algorithm is similar to the controller case 
above. Figure 14 shows open-loop and closed-loop Bode 
plots simulating the system of actuator and controller, 
where the sampling frequency is 4680 Hz and the 
computing delay time  is 100 ps. About 30 degrees of phase 
margin  and -6 dB of  gain  margin are obtained with 300 Hz 
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i i +  1 

{ DAC output with computational delay. 

k3 

-40 

-60 

- 

- 

Hz 

of open-loop bandwidth. The closed-loop curve shows a 
big loss in high-frequency gain, especially for the range 
beyond the Nyquist frequency (2340 Hz). Then the 
mechanical resonance mode at 3500 Hz is attenuated by 
the analog LPF. 

Readlwrite operation 
Like the pre-writer, the post-writer needs a stable and 
synchronous system clock for the readlwrite operation. 
The VLC-PLL  can provide high-quality clock 
synchronization to the readback sector signal of the 
master pattern instead of the optical sensor signal.  Then 
the influence of the disk  RRO components is canceled by 
the table-lookup method. The table is generated in the 
calibration mode. Read/write timing for the proper sectors 
is controlled by counting the system clock to skip the 
master sector. 
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Table 1 Process speed and cost comparison. Assumptions: 
four disks; 2500 tracks per surface; format, regular quad-burst 
PES;  PES check function included; setup time, 1 min total. 

Check Conventional ESPER-2 
item writer 

Pre Post Through 

Operation time (min) 15 0.5 15 
Costlfile (normalized) 1 115  115  215 

- 

Performance study 

Accuracy 
With  two-stage  writing, all RRO  components  are 
electrically canceled.  NRRO  components  are analyzed as 
follows (all data  are specified to  show  less  than 3 a  of 
variance). 

Pre-writer 

NRRO of air spindle 8, = +0.025 pm 
9 Head-positioning accuracy 8, = k0.05 pm 

Post-writer 

Head-positioning accuracy S3 = k0.2  pm 

The total NRRO  is given by  Equation (32): 

Total-NRRO = k0.208 gn. (32) 

Conventional  writer  accuracy is 20.27 pm  for  the  same 
product-spindle  NRRO.  Thus,  ESPER-2  has  better head- 
positioning accuracy. 

Sector-partitioning  accuracy  is specified as  20.1 ps. 
This  value  is small  enough to  meet  the file requirement, 
which  is 2 2  ps, and  nonrepeatable  jitter  can  be controlled 
to within k10 ns. 

Process speed and cost 
The  process  speed  and  cost  comparison  results  are  shown 
in Table 1. The  pre-writer  processes  ten  disks  at  once. In 
addition, the writing  time is  independent of the number of 
disks  mounted in a file. Therefore,  the  pre-writer  operation 
time is approximately 1/20 of that for the  conventional 
method.  The pre-writer is  somewhat  expensive  because of 
the fine actuator mechanism, but  total pre-writer cost is 
nevertheless  only  about 1/5 of conventional  writer  cost. 
Post-writer  process time is similar to  that of a conventional 
writer, so its  cost  depends  only on the price of the 
equipment.  Thus,  the  grand total  is estimated  at 2/5 
of the  cost of a conventional  writer. 

Conclusions 
This  paper  describes  the  architecture of the  ESPER-2 
servo  writer.  The  theoretical  study  and simulation have 
been completed  and a prototype  system  has  been 
developed  to  meet 3.5-inch, 1600-TPI HDD specifications 
for  trial  writing. It  works  very well, and  test  results  show 
approximately 30 percent  better  accuracy  than  that of a 
conventional  writer.  The largest contribution  to this 
improvement  is pre-writer accuracy.  Post-writer  accuracy 
is very  independent on magnetic  recording  noise, which  is 
peculiar to  each  HDD  and  disturbs  the  servo  control of 
master  track following. However, magnetic characteristics 
will gradually be improved, and post-writer accuracy will 
improve correspondingly in future hard files. Other 
advantages of ESPER-2 (low cost,  reduction of clean- 
room requirements)  are  also confirmed by  the  prototype. 
However,  some disk-handling machines should still be 
installed to  carry  and  set  master  disks in manufacturing. 
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