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DSP AND DISC DRI"E 

SUBS'YSliEMS 

c DIGITAL DATA STORAGE IS DSP 

=>- DIGITAL IN, DIGITAL OUT 

• DRIVE EXTERNAL/INTERNAL INTERFACES ARE DiGITAL 

CONTROllED BY DRIVE I-lPROCESSOR 

.. EXCEPT THREE CLASS!CALl Y ANALOI3, 

INTERNAL S~RVO SYSTEMS 

:~:,'" Ht:2A.tl ftE~VO~:1'RACt'( SECK .fi\ND P'~)S~ --Ffi()!N: HOLD 

~~i' RECORDiNG (READ-WRITE) CHANNEL 

=> DISC SPINDLE MOTOR SPEED SERVO 

d':', r 



DSP HEAD TRACKING SERVO 

HEAD-TRACK 
ALIASING EMBEDDED 

POSITION ~ 
FILTER ~ 

SERVO 
(MISSING) (SAMPLER) 

')f) n; 7S f'EiCrpoit...t -S><..tJc..L /h,"V-e.S 

~ 

., 
~ 

.... SERVO DSP 
ANALOG 

III""'" 
.... POWER AMP 

J.tP 
- ..... 

(DRIVES ACTUATOR) 
- ---- --- --------- --
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DSP READ CHANNEL 

PIULTJ,(}L flJ2.<sPD,,-,;!ii 

. READ HEAD 
PRML SAMPLER 

..... EQUALIZER 
SIGNAL 

,. .... 

~ FILTER 
JIIIl ).i!r--.pc...eJ /S"'e...c-~ 

~ '" ...... 

.... 6 BIT 
VITERBI DECODE, ECC, 

JlII"'" 
...... BIT DETECTOR, .... USER DIGrrAl' 

FLASH ADC 
,.... II"" 

CLOCK,AGC DATA OUT 
. 

FA-!T DI(;./iAL 
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SPINDLE SPEED SERVO 

MOTOR 
ANALOG 

BACK EMF 
III. SERVO 

MOTOR DRIVE 
--r<'" 

.... ,.. 

Ie (CURRENT) 

~ ~ 

, r 
DIGITAL 1.......- .... 

DRIVE 

Pll 
....,,.. CONTROLLER 

~p 

dsp6 



POTENTIAL DSP ADVANTAGES 

• BETTER DRIVE PERFORMANCE SPECS, 

FROM TIGHTER WORST .. CASE TOLERANCES TO 

COMPONENTS, TIME, AND TEMPERATURE. 

• OR LESS STRINGENT COMPONENT TOLERANCES. 

• MORE DRIVE IIO'S PER SECOND, 

FROM OFFLOADING SERVO CONTROL FUNCTIONS 

FROM DRIVE'S f.lPROCESSOR 

• ADAPTIVE CONTROL ALGORITHMS, 

UTILIZING PERFORMANCE DATA, 

OVERLAPPED WITH DATA ACCESSING 

(NO OVERHEAD PENALTY) 
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DSP ADVANTAGES (con't) 

• MANUFACTURABILITY: 

SELF CALIBRATION 

SELF TEST/DIAGNOSIS 

SELF TUNING FOR YIELD ENHANCEMENT 

• DRIVE ERROR RECOVERY 

FROM OPERATING SHOCK, 

MIS-TRACKING, 

MIS-READ 

• LOWER SERVO POWER CONSUMPTION, 

FROM OPTIMAL PLANT CONTROL MOOELS 
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READ/WRITE CHANNELS 

• EXAMPLE: IBM'S DSP PRML CHANNELS 
/VIlJ.-;x/AlJh L/ It r; '- 'r /-f1(10 () 

• CONVENTIONAL CHANNEL DIGITALELEMENTS 

USER DIGITAL DATA INPUT 

COMPUTE AND APPEND ERROR CORRECTION CODE 

ENCODE (END~C) 
E. 

(ANALOG WRITE-READ CHANNEL) 

DECODE (ENDAC) 
E 

DETECT AND CORRECT BURST ERRORS , 

USER DIGITAL DATA OUTPUT 
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READ/WRITE CHANNELS (con't) 

CONVENTIONAL R/W CHANNEL ANALQGELEMENTS 

• WRITE DRIVER 

WRITE CURRENT 

WRITE PRECOMPENSATION 

• MAGNETIC RECORDING WRITE/READ PROCESS 

• READ PREAMP 

• READ EQUALIZATION AND NOISE FILTER 

AGC CONTROL AND SETTING 

BIT QUALIFIER (THRESHOLD LEVEL(S» 

BIT TRANSITION DETECTOR 

TIMING RECOVERY (PHASE LOCK LOOP) 

DATA SEPARATION (TIMING SYNC) 
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R/WCHANNEL 

DSP POTENTIAL ADV ANT AGES: 

• CONVENTIONAL PEAK DETECTION CHANNELS 

FACE INABILITY TO GET NEyJ~~~!\F)ra~6 dB SNR, 

AT HIGH MBITS/IN2 AREAL DENSITIES 
.:;.,V/I-'C:. /VD"-~-> GQwe.L /,.,I-I.eLLJ .... -r /_ IL/........, IC!s". 

• .•. ESPECIALL Y 65 mm AND SMALLER DRIVES 

'fZl..G: PI.flJ.A.'1Z 

., COMMUNICATIONS CHANNELS OPERATE AT 15-20 dB, 

USING HEAVY ERROR CORRECTION (10-4 RAW BER) 

• IBM'S SOLUTION IS DSP PRML, 

(PARTIAL RESPONSE MAXIMUM LIKELIHOOD) 

• PARTIAL RESPONSE EQUALIZATION 

ALLOWS BITS TO BE PACKED CLOSER TOGETHER, 

BY ALLOWING CONTROLLED ~NTERFERENCE. 

• A PENALTY IS THAT EQUALIZATION MUST BE PRECISE 

=> USE DSP DIGITAL FILTER EQUALIZER 
IV~ F;.I) .1~ • ..ecv .... e-t- ~-8UL 111 ea",/4....J4T" """~ '/~P/~l1jt4 

V~'1la,vS: 
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R/W CHANNEL DSP ADVANTAGES (contt) 

• A SAMPLED VITERBI BIT DETECTOR IS OPTIMAL 

=> A DIGITAL SIGNAL PROCESSING METHOD 
p~ ii, LO c:..4 1/ C''''- ~"I CO/.fe .. ~r 

• CLOCKING AND AGC CAN ALSO BE DONE IN THE DSP 

.•.. (PR'S HIGH BIT DENSITY DESTROYS THE PEAKS USED 

FOR CONVENTIONAL CLOCKING) 

• DSP READ CHANNEL RESULTS IN: 

HIGHER BPI, BY USING PARTIAL RESPONSE. 

HIGHER TPI, SINCE VITERBI ALLOWS LOWER 

PLA YBACK AMPLITUDES (NARROW TRACKS) 

• => HIGHER AREAL DENSITY (MBITS/IN2) 

IBM IS SAYING 15-30% FOR FIRST GENERATION 

EVEN MORE LATER tJ"D Main /r"fft' D~r;7"'Y 
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HEAD/TRACK SERVOS 

• SERVO INPUT: HEAD-TRACK POSITION: 

INTEGER TRACK NUMBER (GRAY CODE), 

PLUS FRACTIONAL TRACK ERROR 

• SERVO OUTPUTS: 

ACCELERATION COMMAND (ACTUATOR CURRENT), 

SEEK COMPLETE, SEEK ERROR, HEAD. OFF. TRACK 
11">l1e{)4,/) !"eA vO ~,,;( - /110 ..,.. ... 111 ",I'(' -1k1l..4 W .... l n"'-fi.. 

• CONTINUOUS SERVO SIGNAL IN LARGER DRIVES 

• SAMPLED SERVO COMMON IN SMALL DRIVES (3-5 KHZ) 

• NOTE: SERVO SYSTEM SAMPLING OCCURS BEFORE ANY 

ANTI-ALIASING FILTER POSSIBLE. 

THIS CAN ALIAS HEAD FLEXURE 3-7 KHZ RESONANCE 
H~ J) /t,;/A. fJ.v(.. NJCNf,~MGIL 

INTO SERVO PASSBAND. U>t:L-A/O'7'C.H Ftt-irLTl.. +- -nUITL)I 
U:w TiLe <-e-O ~Q.-ra.c,..o.-~ <'Ie..'-_ (!) ~ (,Je!.1J 

MEANS RESONANCE MUST BE HELD WITHIN LIMITS, ,.if'e L: 

MINIMUM RESONANCE SPEC NO LONGER ENOUGH. 
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PLANT MODEL ("OBSERVER") 

• A POWERFUL CONCEPT FOR DSP 

• CAN EFFECTIVELY ALLOW SAMPLED SERVO TO 

APPROACH SEEK/SETTLE PERFORMANCE 

OF A CONTINUOUS SERVO, 

WITHOUT THE WASTED DISC SURFACE OVERHEAD, 

AND MECH/THERMAL MISREGISTRY PENAL TV. 

• CAN REDUCE OFFTRACK DATA RISK 

CAUSED BY MECHANICAL SHOCK/VIBRATION 

(VALIDATE SERVO PES SAMPLES 

AGAINST OBSERVER PREDICTION) 
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DSP PLANT MODEL (coo't) 

• CONVENTIONAL LINEAR FREQUENCY DOMAIN ANALYSIS 

MODELS SECOND ORDER PLANT MECHANICAL SYSTEM, 

INCLUDING CRITICAL ARM~HEAD RESONANCES 

• STATE VARIABLES ARE HEAD POSITION AND VELOCITY 

• DSP TIME DOMAIN OBSERVER 

PREDICTS PRESENT STATE. 

MINIMIZES SERVO LAGS, 

ALLOWS NONLINEAR ELEMENTS. 

EXAMPLES: 

ACTUATOR FORCE CONSTANT V.S. POSITION 

HEAD~ARM SETTLING TIME VARIATIONS 
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DSP PLANT MODEL (con't) 

• SERVO ERROR MODELS ALLOW SELF CAL/ADAPTATION: 

1) ACTUATOR FORCE CONSTANT, 

OVER TIME, TEMPERATURE, TRACK (NONLINEAR) 

DRIVE CURRENT SATURATION (NONLINEAR) 

2) ACTUATOR BIAS FORCE OVER TRACK POSITION 

(FROM HEAD FLAT CABLE, WINDAGE) (LINEAR) 

3) INDIVIDUAL HEAD THERMAL OFFSETS (LINEAR) 

• REPETITIVE RUNOUT ELIMINATION POSSIBLE 

LINEAR FEEDFORWARD CONTROL, 

BY RUNOUT-LEARNING DSP FILTER 

• ADAPTIVE SEEK ALGORITHM: 

MONITOR SEEK SETTLING TIME DURING DATA ACCESS 

TO MINIMIZE TOTAL SEEK TIME AND OFFTRACK 
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DISC SPINDLE SERVO 

• CONTROLS DISC SPIN MOTOR: 

3-0 BRUSHLESS PERMANENT MAGNET MOTOR, 

HAS NO FEEDBACK SENSORS (('PACk 1-1,.., I,(J np_ /.-w r ........ "" '-L (),.rJN!-~ 

(NO HALL SENSORS) 
Li .... J·,a--t) ro 160012..P/'-t e'(' L.i ..... ,T-Wl--/J A."r6 ...... 

7"0-"0-. ~ S V ('lOlLY 1t.et7('/I"-~NI~-r:. 

• EXAMPLE DRIVE SPINDLE SERVO: 

RPM IS PERFECTLY FREQUENCY LOCKED, 

USING DISC POSITION PHASE LOCK LOOP. 

POSITION NOISE SIGMA:::: 50 NSEC -..,.... NO c.llJf~-r,r;:~i) Qi::-/I.4;77l7e ..... 

ds? 1f 



DISC SPINDLE SERVO (con't) 

CONVENTIONAL DIGITAL SERVO ELEMENTS: 

• A DIGITAL PHASE LOCK LOOP 

• USES WRITE CLOCK CRYSTAL AS POSITION REFERENCE 

• USES INPUT FEEDBACK SIGNAL FROM MOTOR BACK EMF 

MEASURED OFF THE TWO UNDRIVEN PHASES: 

THE TIMES WHEN THE PHASE VOLTAGES ARE EQUAL. 

=> AN APERIODIC DIGITAL SAMPLED SIGNAL, 

• GENERATES ANALOG COMMAND VOLTAGE 

TO COMMAND MOTOR ACCELERATION PUMP UP/DOWN 
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DISC SPINDLE SERVO (con't) 

CONVENTIONAL ANALOG SERVO ELEMENTS 

• START AND COMMUTATION LOGIC 

• ANALOG FEEDBACK STABILIZATION LOOP 

• INPUT IS DIGITAL PLL ACCELERATION COMMAND. 

• OUTPUT IS SPINDLE MOTOR COIL CURRENT, 

FROM 3-0 ANALOG POWER DRIVERS. 

• INTERFACE TO DRIVE J!P MINIMAL. 

POSITION PHASE ERROR CAN BE INTERROGATED. 

SPINDLE EXTERNAL SYNC SIGNAL (OPTIONAL) 

• IS THIS AN ERSATZ DSP? 

.. .lTS SAMPLED, PARTLY OIGITAL 

•.. BUT SAMPLING TIMES ARE APERIODIC, 
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Discrete-time and Digital Signal Processing 

David G. Messerschmitt 

Discrete-time and digital signal processing are increasingly 
prevalent, due to many factors. Increasingly, analog signal 
processing is employed only at the very highest speeds where 
digital solutions are not available. 

Objectives: 

-What are the ditTerences and similarities between discrete-time and continuous
time? How do we convert between the two? 

-What are the ditTerences and similarities between digital and analog? 

-What are the advantages and disadvantages of digital and discrete-time? 
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Typical Configuration 

COIJ7),v~iJ"i/ ( 
T/~i.J 

.. 

Oversimplified! 

Basic elements: 

AID 
Digital 

r 

Signal Processing 

-Sampler to convert continuous-time to discrete-time 

-Analog-to-digital converter to convert from analog to digital 
----------- - - --- - -- - --------- ----------------------

DIA f+-

co A . ..F7/.A-.. tJ (/ ~ r 
0-;r-?'_ ,<~ 

-Signal processing implemented in the digital and discrete-time domain 

-Digital-to-analog converter to convert from digital to analog 

Also required are anti-aliasing and reconstruction low-pass filters 
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Comparison of Continuous- and Discrete
Time Signals 

Different time variables: x (t) and x [n] 

Both can be periodic: 

·x(t+T) = x(t) 
r:trt..,p 

• X [n + N] = x [n] 
5(! ... .P~ 

Sinusoids exist (and are very important): 

·x (t) = cos (roOt) 

·x [n] = cos (Aon) 

Continuous-time (but not discrete-time) sinusoids are always 
periodic: 

·cos ( 000 . (t + !:)) = cos (000 . t) 
21t 

• cos (Ao· (n + N» = cos (Ao . n) for Ao = N . k 
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Why Discrete-Time Sinusoids are Not 
Always Periodic 

Represent sinusoid as real part of complex exponential ejOlot or 
jAon 

e : 

Discrete-time vector moves in discrete steps, only retraces the 
same points for specific values of AO 
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Discrete-Time Sinusoids Are Periodic in 
Frequency 

When we increase the frequency by 21t, a discrete-time sinusoid 
does not change: 

-cos ( (A,o + 21t) . n) = cos ("'0 . n) 

The interesting range of frequencies is an interval of length 21t 

-"'0 E [-1t, 1t] 

This is a form of frequency aliasing 

For example, frequency "'0 = 21t results in the same samples as 

frequency "'0 = 0 (d.c.) 
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Some Examples of Frequency Aliasing 

n·T 

Increasing AO by 21t (0)0 by 2;) results in the same samples! 

Sampling is not reversible: many input continuous-time signals 
can result in the very same samples! 

Normal response is to limit input frequencies to half the sampling 
1t 

rate: lro~ < T 
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Some Examples of Frequency Aliasing 

Several continuous-time waveforms have the same samples: 

x,(kT) = x2(kT) = x,(kT) 

However, there is only one waveform bandlimited to ~ with that 

set of samples (the others all have higher frequency components) 
LIJ4,/ TO l?it-......-<= J~ S'AIYtP<"~ 1\4 r.:.... 

Iv 'r4Vlrr /'4-r~.- ~ S4 .... FL~utt!~ . 
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Digital Filters (LTI Systems) 

tiro! ... 

tI'An ",1 

1-/~£44 r,":' - I.-'V(A '"",, r&<" 15~-;r-

h (t) 

H(jm) 

h [n] 

H (tI'A) 

I .. H (jm) . tlrot 

I "'H (tI'A) . tI'An 

These functions H (jm) and H (tI'A) are known as the frequency 

response, h (t) and h [n] are the impulse responses 

Input complex exponentials of a given frequency result in output 
complex exponential at the same frequency 

Equivalent etTect on sinusoids is an amplitude and phase shift 

H (j'A) is periodic in 21t: Only range lA-I < 1t is of interest 
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Two Types of Implementable Digital Filters 

Finite impulse response (FIR): 

M 
·y[n] = L bk,x[n-k] 

k=O 

'A M 'Ak 
• H (e' ) = L b k ' e-] 

k=O 

Infinite impulse response (IIR): 

M N 

·y[n] = L bk,x[n-k] - L ak·y[n-k] 
k=O k=l 

..... ... .. £bF·e--P"~-
.H (jA) _ ---,k N;-;-O---

~ -jAk 
£.J ak·e 

k=O 
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Continuous-Time Filter Implemented in 
Discrete Time 

Sample, preceded by anti-alias lowpass filter: 

x(t) ---

Discrete-time filter: 

x [n] 

LPF 

.. 

7t 

T 

..... 

h [n] 

H (erA) 

- ...... x[n] 
nT 

y [n] 
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Continuous-Time Filter Implemented in 
Discrete Time (Con't) 

Reconstruct continuous-time signal: 

:iL ~;rtec/c /CI/I/ 

PAM LPF 
y [n] 1t 

T 

Pulse-amplitude generator produces sequence of pulses 
amplitude-modulated by y [n] 

- ----- ------ -- - - ------ - --- - ------------ ---

Lowpass filter reconstructs continuous-time signal by 
interpolation 

Within the bandwidth ~, 'f (j0l) = H (r!'A.T) 

y (t) 
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Quantization Distortion 

x [n] . -
AID 

p 

D/A 
-.. y [n] 

y [n] 

x[n] 

For K bit quantizer, there are 2K quantization intervals, with 

overload point at 2K -1 . fl with step-size fl 
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Quantization Distortion is Often Modeled as 
Additive White Noise 

x [n] y [n] 

e [n] 

The successive samples of "quantization error" are approximately 
uncorrelated if the input signal is "random" 

For ste -size ~ the uantization error ~ower is aJm_ro_x_i_m_a_te_I"'-y ___ I-__ _ 

2 
~2 ' or easily related to K and the overload point 

In contrast to thermal noise, quantization distortion goes away 
when the signal is absent! 
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Effect of Quantization Error 

Added quantization noise at AID converter: a price to be paid for 
AID conversion 

-Control by adjusting precision (number of bits) 

Roundoff errors in internal computations 

-Control by adjusting precision of internal arithmetic, which is typically greater 
than input/output 

Overflow problems due to overload point of quantizer 

-Limits dynamic range 

-Scaling is big issue in fixed point arithmetic 

-Floating point arithmetic increases the dynamic range dramatically 

Change in filter frequency response due to quantization of 
coefficients 

-Coefficient quantization normally taken account of in filter design 
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Some Advantages of Digital Systems 

Highest-density Ie technologies (based on DRAMs) are primarily 
digital: poor or non-existent capacitors, etc. 

Regenerative property of digital systems is extremely important 
in storage and transmission applications (avoids the "multiple 
generation problem" of analog) 

Accuracy can be increased arbitrarily by increasing the precision 
of the arithmetic 

Accuracy is forever: no component drift or temperature 
variations 

Digital systems are deterministic: testing and fault detection are 
. much easier 

------- ---------- -------

Design abstraction makes com plexity easier to manage~rediices 
designer skill level required (analog designers difficult to find) 

-Programmable solutions 

Much more complex algorithms are feasible 
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Design Abstraction in Digital Systems 

Program 
Instruction Set 
Architecture 
Register 
Logic Element 
Circuit 
Device 

Typically designers are split into three semi-independent groups: 
logic! circuit/device, instruction set! architecture/register, 
programmers 

Much higher complexity designs become feasible 
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Time Systems 

In a continuous-time world, AID! A conversion incurs an extra 
cost 

Quantization error is incurred at the AID converter and internal 
to the computations (although it can be controlled to whatever 
extent necessary) 

Highest-speed systems must be implemented in analog 

-AID converters and multipliers are typical bottlenecks 

-Example: microwave RF 

Design effort expended in finite precision issues (quantization, 
dynamic range) 

. 
---------- ----------------------------------- ----------------\----

Paae t9oflO 
11/21191 
/harneItleplO! ;otJRSES""nllCllnJm 

Synchronization is major issue, particularly as the signal 
propagation times increase in relation to the clock cycle 
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Some Examples of DSP Commercial 
Applications 

Digital compact disk 

Compressed digital television (NTSC, HDTV) 

Digital television receivers 

Digital audio broadcast 

Digital transmission and switching in telephony 

Digital cellular telephone 

Voiceband data modems 

Compressed video conferencing 
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Digital Filters 

TOPICS 

• Why Consider Dig ita I Fi Iters 

• Filter Design Problem 

• Digital Filter Design Tools 

• Digital Filter Design Methods 

• Appl ications 

1 Digital Filters HKT December 17. 1991 



Digital Filters 

1. WHY CONSIDER DIGITAL FILTERS 

• Component tolerances (Accuracy) 

• End-of-life component tolerances (Reproducibility) 

• Implementation of Time-Varying Filters 

Presettable fi Iters 

Adaptive filters 

• Size 

• Power Dissipation 

• Control of tra nsient response 

2 Digital Filters '*"'"" December 17, 1991 
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Digital Filters 

TOPICS 

• Why Consider Digital Filters 

I· Filter Design Problem I 
• Digital Filter Design Tools 

• Digital Filter Design Methods 

• Applications 

Digital Filters HKf December 17, 1991 



Digital Filters 

2. FILTER DESIGN PROBLEM 

)( ~I FI LTER .. 
'j 
,. 

Motivation 

• Improve quality of the output signal: 

Remove noise, interference, and distortion. 

• Process or extract information from the input: 

Estimation and prediction. 

4 Digital Filters \-\K\ December 17, 1991 



Digital Filters 

• Some notion of frequency discrimination is involved: 

'Response 

tr e,~ V\f:n~ 
ii't({{\[(C ". \\\\®ti 

~ . 

~ 
\wm 

Passband 

Vl7J1Z7ld 

Tra nsition-Ba nd 
Stopband 

• Linkage between time-domain and frequency-domain 
behavior: 

1 ITT y(n) = 2" Y(w)dw 

-TT 

5 Digital Filters HK:T! December 17, 1991 



Digital Filters 

Analog and Digital Frequencies 

• Sampling of the analog signal 

Xa(t) = A cos(ot + e) 

produces 

x(kT) = A cos(OkT + e) IJ. A cos(wk + e) 

• 0 rad/ sec <==> w = OT rad/sample 

• Relationship between analog and digital frequencies: 

• ~ 0: 0 ·1TfT 2lT/T 
O. 

·'/T 
... 0 • -0 

'/2T 2TT 

w: 0 -1T ·Z1T .. 
w. • ~ 0 • 1--. 0.5 2TT [-I:C-/f/J",PL<'" 

• When the Nyquist sampling theorem is satisfied, the 
digital frequency is always less than TT radians; that 

is 

w=OT<TT 

6 Digital Filters HKT / December 17. 1991 



Digital Filters 

TOPICS 

• Why Consider Digital Filters 

• Filter Design Problem 

I-Digital Filter Design Tools I 

• Digital Filter Design Methods 

• Appl ications 

Digital Filters HKr I December 17, 1991 



Digital Filters 

3. Filter Design Tools 

• Restrict the a lIowed structures to: 

Non-Recursive Filters 

Recursive Filters 

Non-Recursive Filters 

• Output is formed by linearly combining a sequence 
of inputs: 

7 

N 

Yk = I ajXk_ j 

i=-N 

Samples: 
~~~n 

"'Xk+2 Xk+ 1 Xk xk- 1··· 

Multiply: x x x X ... 

Coefficients: ~-1 ao a1 

SUln: 

Output: Yk 

Digital Filters HKT/ December 17, 1991 



8 

Example: a_1 = 0.8, ao = 1, a1 = 0.6 

~ Yk = 0.8xk+1 + xk + 0.6xk_ 1 

~K+, IT I ~ K • I T I X,k-I 

i 0.6 

~K 

Digital Filters 
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Digital Filters 

Recursive Filters l/Mr/~i)G<.-- ')://wv;:a/i},r;L- o"-'rfvT V"uIJaSI'l./J /.?L<.. 

• Output is formed by linearly combining sequences of 
inputs and previous outputs: 

N M 

Yk = L ajXk_ j + L b'Yk_' 
i= O~·· 1=1 

• Output at time k depends upon the previous outputs. 

9 

Therefore, initial conditions must be known before 
the output due to the first input can be computed. 

• 
:// 
v 

C.J,JN k() T 8~ ()lr~A"~j). 

Digital Filters 

/ 

/ 
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Digital Filters 

Unit Pulse Response 

• Response for a unit pulse input, defined as: 

1 ,k = a 
Xk = {a, otherwise 

Nonrecursive Filters: V.Q.rZ. '1 r 77J j] ~ J CA,A.i [?~ ofTliJ'-t;~O 

N 

hk ~ Yk= I 
i=-N 

= ak 

aixk-i 

• The unit pulse response is a finite sequence of 
(2N + 1) terms. Such filters are, therefore, often 
referred to as FINITE IMPULSE RESPONSE (FIR) 
fi Iters. 

10 Digital Filters HKi I December 17, 1991 



Digital Filters 

Recursive Filters: 

N M 

hk ~ Yk = L ajXk_j + L b'Yk_' 
i=O 1=1 

• Even though there are a finite number of akS, the 
second term can continue to generate an output 
long after the first term is zero. Such filters are, 
therefore, often referred to as INFINITE IMPULSE 
RESPONSE (IIR) filters. 

11 Digital filters HKT/ December 17. 1991 



Digital Filters 

Properties 

• Homogeneity and Superposition: 

if xk==> Yk and sk==>rk 

then fXk + gSk==>fYk + grk 

• Shift-invariance: 

if xk==>Yk then xk-I==>Yk-1 

• Filters that admit homogeneity, superposition, and 
shift-invariance are referred to as linear, time
invariant (L TI) filters. 

• Input-Output of such filters can be defined by the 
discrete-time convolution: 

00 

Yk = I Xjhl<_j 
1=-00 

12 Digital Filters I-\KI I December 17, 1991 



Digital Filters 

Structures 

'XK i h1)J - { h2J~} ~ 
". ~ .. !:i K 

L COAlVe!(,v-Ht2"" (I f- '-- TeltAJ j 
-y-

h 
C.)R 

00 

• Cascade: hC,k = L h 1,lh2 ,k-1 
1=-00 

{ h1,t} 
r 

XK. +t-- ~K 

4 

{ h2 ,n} 

L ~ y 

hpR , 
• Parallel: hp,k = h 1,k + h 2 ,k 

13 Digital Filters \4K1/ December 17, 1991 



Eigenfunctions 

o(K ... , 
DIG1TAL 

FI LTE.R 

Ao(K 
~ 

Digital Filters 

• Def: Ok is an eigenfunction of the digital filter iff the 
application of Ok produces the scaled output "ak' " is 
referred to as the eigenvalue. 

14 

o(J 

\0( =- ~ h-d,. . 
A 't J:~ ~ K-, 
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Digital Filters 

Eigenfunction 1: 

Ok = exp(jwk) = cos(wk) + j sin(wk) 

produces an output 

00 

exp(jwk) I hje-jW1 

1=-00 

00 

• H(w) = I h,e-jw' is referred to as the frequency 
response-m the digital filter. Note that h, uniquely 
determines H(w). 

• H(w) is, in general, complex, and may be written as 

15 

H(w) = I H(w) I eCfJ(w) 

Then, if the input is cos wk, the output is given by 
I H(w) I cos(wk + cp). 

Digital Filters \..\ KI I December 17, 1991 



Digital Filters 

Eigenfunction 2: 

k 
ok = Z 

produces an output 

00 
kl \' -/ 

z L h/z 
/=-00 

00 

• H(z) = I h,z-' is referred to as the transfer function 

16 

of the ffigifal filter. Note that h, uniquely determines 
H(z). 

• Y C ::c)::::: /-1 (-:e) X ( -l) 

Y (l:)::: ... -+- ~ t- ~ :;o.-I';-\1z."'t-1..+ <1,~-' -4-- ••• 

~ (K) -= {... <dD 9, j '- ~ J •• , -:s-
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Digital Filters 

Z-transform and Frequency Response 

00 

H(w) = H(z) I Z= exp(-jw) = I h/e-jw/ 
/=-00 

• 
• Geometrical interpretation 

1m Z 

I'" -- ) " R e r. 

Unit.? 
Circ.~e.. 

I j= (LOC TT FA'A...- ot..lr~iDe 

CI"I.CLe....1 FIt.. reA- wii,1,., O-e.. 
VNfTIJPLL- .. 

• Frequency response for digital filters is periodic in 

2". 

17 Digital Filters HKT I December 17, 1991 



Digital Filters 

An Example 

h-1 = 1, ho = 2, h1 = 1 

Magnitude Response of Digital Filter 
(Coefficients 1,2,1) 

0, ~ i~ i ~i~ i ~i ~ 

,-..... 
CD 
"'0 -40 
"-"" 

CD 
"'0 
::J 

-+-' 

C 
Q') 
a -80 
~ 

-120' I , 

-8 -4-11 a 1T 4 8 

Frequency (rod/sample) 
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Frequency Response of FIR and IIR Filters 

• FIR Filters 

N 

H(w) = L ale -jwl 

I=-N 

• Recursive Fi Iters 

N 

Laie-jWi 

H(w) = __ i "i~;----

1 - L bme-jWm 

m=1 

Digital Filters 
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Digital Filters 

Cascade and Parallel Forms 

x K Hi(W} .... H (w) -
2-

~K 

'----

L __ -- -v- ~ 

Hc(w) 

• Cascade: Hc(w) = H1(W)H2(W) 

H (W) 
1 

'X r 
K 

+1 .. lJK 

r 
• 

H (W) 
2 

L y J 
Hp (W) 

• Parallel: Hp(lJJ) = H1(W) + H2(W) 
c. () M PI.. e.,I( N V t"'- /J c/I..f' - '/JI11 F£ 1:LJ ..... c.. J ,-=- CI .... c.,/./J T 1/ '1l:::> ~ L f/( 
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TOPICS 

• Why Consider Dig ita I Fi Iters 

• Filter Design Problem 

• Digital Filter Design Tools 

I· Digital Filter Design Methods I 
• Appl ications 

Digital Filters 

Digital Filters 
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Digital Filters 

4. Filter Design Methods 

Fourier Series 

D(w) 
~ I ~Q7D«2'\Ui 

-1T o 1T w 

Error: E(w) = D(w) - H(w) 

fTT 2 
Squared - error: E = I E(w) I dw 

-TT 

1 fTT . k 
min E => hk = 2" O(w)e1W dw 

-TT 
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Digital Filters 

• The hk sequence generates the smallest integral 
squared-error than any other response. 

• Each hk is computed independently; value of one 
term does not affect the other 0 

• Set Bk = hko 

• Truncation error is given by: 

n N 
2 ~ 2 

Er = I I D(w) I dw - 2" L I Bi I 
i=-N -n 
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Digital Filters 

An Example 

D(W) 

1 

-TT -1\ iT 1T w 
2" 2 

h 1. ( rrk ) 
k= rrk sin 2 ' ho = 0.5 
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Digital Filters 

Frequency Response as a function of N 

Magnitude Response of Digital Filters 
(N = 3,5,10) 

1.2 iii 

0.8 <l.> 
'"0 
::l ....... 
'c 
01 
a 
~ 0.4 

a' II vyv '<'J~ 
a 1 2 3 

Frequency (rod/sample) 
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Digital Filters 

Frequency Response as a function of N 

Magnitude Response of Digital Filters 
(N = 3,5,1 0) (i;(lo~10 

o i : e::::-::::::.c: : I I 

1 
~ -20 F 2! elf" fg -- "-"""""-~=.--... -~-~: .. -::::;:'!:c:=" __ .. ___ "_" ____ . 

'-' l' 
OJ 

"'C 
::::l 

-+-' -40 
c 
C)') 

a 
~ 

-60 

o 

DU~1'O ?T 
17l.uP K#J nD;f!' IV '= 10 

QP: r€/.l~S' 
u'p..;'1J 

1 2 

Frequency (rod/sample) 
3 
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Digital Filters 

Windowing 

• Rectangular Window 

Low-pass Filter Coefficients based on the Fourier Series Method 

0.4 

,..-...... 0.2 
.:::t:. ........., 
...c 

o t t. • • • • • • • T • 1 • • • x • T 

-0.2 ,'--_"'--_....L-_...i.-_-'-_.....L...._--'-_~_~_--'-_--' 
o 5 10 15 20 25 

k 

• Other windowing functions are used to achieve more 
desirable control of passband ripple and/or stopband 
attenuation. 

ct = W~ h" K 

L W'N[jOW PI./PG71<JN 0J&f, 
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Digital Filters 

Commonly-used Windowing Functions 

w(k) = 1 
.. Ir [ 
Iii! ,. 1\ 

• Rectangular: 

• Triangular: 

I k I 
w(k) = 1 - M + 1 ' M = 2N + 2 

~ f~!NuU 
~ i JI r r --="">1( 

• Hann: 

w(k) = ~ (1 + cos 2~k ), M = 2N + 2 • 1 il", I I ;, fr 

• Hamming: 

2nk 
w(k) = 0.54 + 0.46eas . II' M = 2N + 2 

• Blackman: 

2nk 4nk 
w(k) = 0.42 + 0.5eas A II + 0.08 cos A II' M = 2N + 2 

• Kaiser: 
10 I~ji-Ct2.ll)/2l ] 11o(~) ,N~~~ N 

W(k) ~ 
o 

AN~')eYe. IX> 

10 (1-') = i + EJ(~rJ 
• 

26 Digital Filters 
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Digital Filters 

DLP(W) 
Filter Transformations 

r Low-pass hLP(k) I u/ .. ,i-r rl')(../(;= ~~ 

wi ~. w -wi 

~ D1:!D (w) 

-U~;:~ 
. II 

-GJc o· We T 
c..u 

• Band-pass 2hLP(k) COS(wck) 

°HP(W) 

r---- -_ 

~ -IT I o ,)If' I ... w 

• High-pass (_1)khLP(k) IT-Wl 1f 

-\1" 

• Notch 

27 

~ Dew) 

Wi (rr-Wl) it --- W 

hLP, w1(k) + ( -1)khLP,n-w2 
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Digital Filters 

An Example 

1.0 

0.8 
Q) 

'"'0 
::l 

-+-J 0.6 
c 
Ol 
o 
~ 0.4 

0.2 

Magnitude Response of High-pass Digital Filter 

o l:>t",c d>,,( Y I t J • I 

o 1 2 31T 
Frequency (rod/sample)· 

Low-pass Coefficients: 0.064 1.6E-17 -0.11 -1.6E-17 0.32 O.S 0.32 -1.6E-17 -0.11 1.6E-17 0.064 
High-pass Coefficients: -0.064 1.6E-17 0.11 -1.6E-17 -0.32 O.S -0.32 -1.6E-17 0.11 1.6E-17 -0.064 
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Digital Filters 

Time-Domain Design Method 

"XK 1QJ? ~k , --, 

tdk 

• Input sequence, Xk , and the desired output sequence, 
dk are known; the problem is to determine ak • 

• Define 

a = [ a_N a-N+1 ... aN] 

d = [ do d1 ..• dpJ" p~2N+1 

x = [ x_N x-N+ 1 ... xp+N]'· 

• Set-up p + 1 equations of the form 

x_ N X_ N+1 " 0 0 X ~ do 
N 

CtN+1 d1 )(-tH.\ X -Nt2 <: ~ , xN +\ . d.2. ( -, -to 

• QN 
.. 

«> 
c 
c 

X P-t-.l "><P-Nfl • " . Xp-rN J L cl.p 

~ ~ at dT 

.-..J 
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Digital Filters 

• Use least-squares solution to the over-determined 
system of equations to obtain 

a T=(HTH)-1 HTd T 
saoPT - - --

• The above equation is of the form 

-1 
~PT= P f 
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Adaptive Filtering 

31 

dK 

XK .1 

Application 

System 
Identification 

Equalization 

Prediction 

t{1K} 

x 

Known 
Data 

~K 

Distorted 
Signal 

Past 
Input 

Digital Filters 

Digital Filters 

d 

Output 
Signal 

"Known" 
Data 

Present 
Input 
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Digital Filters 

Commonly-used Approach 

• Minimize the mean-squared error between the 
desired output, d, and a linear combination of the 
input, x; that, is: 

E[ ek 2] = E[ (dk - yi] = E[ (dk - L aiXk-l] 
i 

• The above error criterion defines a convex surface 
for the mean-squared error as a function of the tap 
weights: 

E[e:J 

Performance surface 

Emil) 

"TAF' 

CC.iE.FFICIENT 
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Digital Filters 

• The adaptive filter starts with an initial guess on the 
coefficients,ao, and progressively moves down the 
well using: 

ak = ak- 1 - /3Va E[ ek 2J 
-k 

• In practice, the gradient of the instantaneous 
squared-error is substituted for the mean squared
error, resulting in the following adaptive algorithm 
(most commonly referred to as the LMS algorithm): 

ak = ak- 1 + 2/3ekxk 

• The LMS algorithm is the most commonly-used algo
rithm in real-time adaptive filtering. 
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Digital Filters 

TOPICS 

• Why Consider Digital Filters 

• Filter Design Problem 

• Digital Filter Design Tools 

• Digital Filter Design Methods 

• Applications 

Digital Filters 1; K:r/ December 17, 1991 



Digital Filters 

5. Applications in Digital Storage 

• Recording Channel Identification 

• Equalization 

• Timing and Gain Control 

• Digital servo 

34 Digital Filters V\ Kif December 17, 1991 



Digital Filters 

Recording Channel Identification 

'V'- '-> I -r ~ 

[ftJ~-/TI~ -=w 
,,:::::~:::-, 

• Input Sequence 

Write Current for a 63-bit PRBS Sequence 

0.8 I -·-T 

o.J ~n~ ~~~n ~ ~. ~~ n~ nr 
+-' c 

CD rill II II I I 111111 II I I IIII I III I I I L 
L 
::J 

0 01-111 II II I I 1111" /I I I 1111 I III I I I 

CD ....... 
I- III II ·c II I I IIIIII II I I 1111 I III I I I 

3: 
-0.4 II I I IIIIII II I I IIII I III I I I 

U U U U UUU UUUUU UU LI 
-0.8 

0 200 400 600 

Time 
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Digital Filters 

• Averaged Output Waveform 
2~1----~--~----~----~--~----~--~ 

o 
C 
01 .-

(f) 

........ 
~ 
c... ........ 
~ 

o 

I-

1 I- n 

o 

-1 I-

I-

-2 1 v! 

-

-

-

I -

-

v -

-

o 200 400 600 

Time 
• Identified Pulse Response 

CD 
\:J 
~ 

........ 

c... 
E 

<C 

36 

0.4 

o 

-0.4 

o 20 40 60 

Time 
Digital Filters 

80 100 
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Digital Filters 

Equalization 

37 

I I Desired 
Channel. ~EQUALIZER~PUise Pulse I 

data 
A 

! 
Xk )variable Filtel Yk :7 to ML 

~Vk I 

Gk 

(error) ,. <=1k 
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Digital Filters 

6. SUMMARY 

• Why consider digital filters: 

Component tolerances (Accuracy) 

End-of-life component tolerances (Reproducibility) 

Implementation of Time-Varying Filters 

Size 

Power Dissipation 

Control of tra nsient response 

Design abstraction 

• Pitfalls in digital filter design: 

38 

Relationship between analog and digital frequencies 

Direction of sample shifting 

Aliasing 

Finite precision and arithmetic 

Step-size selection 
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AID AND DLA CONVERTERS IN HDD 
SYSTEMS: 

• Servo Channel Requirements/Solutions 

- High Capacity Drives 

- Small Size Drives 

• Technology options for a possible read - channel . 
architecture. 

Bill HUNT 
ANALOG DEVICES 
DEC '!If. 
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~================================~ 

-DEDICATED V'S EMBEDDED SERVO-
Complete embedded servo front end for HDD 

Trends in HDD servo electronics: a) New demodulator techniques 

ii) Embedded servo vs dedicated surface 

Data" 

I 
Servo 

--------- - ---

* 3 platters => 6 surfaces 

use 5 for data, 1 for servo 

* surfaces mechanically linked 

* continuous position f/back 

* 1 platter => 2 surfaces 

Interleave data and servo 

* no registration problems 

* sampled position flback 

DEC '91 16-Nov-91 
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GENERIC BLOCK DIAGRAM FOR CLASSICAL LARGE 
CAPACITY/SMALL SIZE HOD'S 

Write Path 

Read 
Path 
---a Preamp~ AGCI Data . I .... IPLLIENDECJ-ooII~_--

Qualifier 

~ 
I 
I 
I I VCM 

SPINDLE I 
9 

MOTOR I 

9 
~ 

Power 
Drivers 

.. 
Servo 
Detector /---I-- ADC 

~ DAC I _ I pC or DSP I ~ 
lINEAR/P\MI-1~ r--

DAC ""~~ __ 
~llINEAR/P\MI-1 

~ 
Buffer RAM 
Controller I 

SCSI/AT 1--
Interface 

~ Data sequencer, 
- Controller & ECC 

pC or DSP 
Interface 

I 
j 

, 

[3 

System 
Interface . 

.. 
I 



HIGH CAPACITY: >- 300 MBYTE 
• Size51/4"to 31/2x 111 

• Capacity 300 Mb - > 1Gb 

• Access time: 10 mSEC 

• Transfer rate: > 15 MB/S 

• Improved Reliability (ELF)/(MTTF) 

• Reducing cost 

SMALL SIZE < 100M BYTES 
• Size 31/2" to 21/211 to 1.811 

------- _ .. ---.-Capacity20to 100-m b 

• Lowpower 

• "Zero" power in power down mode 

• Lowersupplyvoltage (smaller batteries) 3V 

• Improved Reliability (ELF)/(MTTF) 

• Reducing Cost 

a possible classification 

-, , ... 



-LARGE- DRIVE: 

OF 
'1/ 

system requirements 

• Power control VCM/Spindle Motors 

• For increasing capacity 

- An increase in T.P.I. 

- An increase in data transfer rate 

• Dedicated/Hybrid servo. 
• Reduced access time requires adaptive servo 

control. 

• More measurement of system parameters 
required. 

• More control of system parameters. 

• Increased integration to reduce foot print. 

• Reduced costs. 

';> (/ 



3.5- DRIVES 'LARGE' CAPACITY 

I 

I 

SPINa..E ~ 
MOTOR ~ 

Power 

Buffer RAM 
Controller 

SCSI/AT 
Interface 

AGC Data t---__ '"'I PLL ENDEC ..... I----~ Data sequencer, 
Qualifier Controller &. ECC 

JjC or DSP 
Interface 

NPN/PNP ~f----+--------l VCM DAC So. 
Predrlvers MOSFET :-(t 

I VCM '--___ oJ 

Embedded 

I 
_L 

~----------4 &. Predr ivers ..... fo-----.J 

System 
Interface 



'LARGE' DRIVE: TECHNOLOGY REQUIREMENTS 

• + 5V / + 12v operation (+ 12 V to drive motors) ± 10%. 
• Increased T.P.I. J~V-to£3.l'J 

- More resolution on VCM control (> 10 bits). 
- More resolution on position sensing (> 8 bits). 

• Maximise Channel SIN Ratio Use 'Bias' referenced 
signals. 

• Dedicated/Hybrid servo control: 
• Reduced Access Time 

- Fasterthrough - put through servo demod. channel. 
- Faster ADC conversion time. equivalent. 
- Faster processing uP/DSP. 
- Adaptive control bandwidth; AGC, rectifier discharge rate .. 

• Fast interface speed for high speed uP's/DSP. 
• Integration to give smaller foot print. 

- Multiple small pin count SMD's (SOIC). 
- Single large pin count SMD's (PQFP). 

• Functional integration: 
Include power pre - drivers; loop control element; with VCM DAC. 

/ 
(., 



Typical 3.5-/5.25" Medium/High Performance HOD 
300 MBytes 
45,000 BPI 
15 MB/S Transfer 
15 mS Access Ti me 

Write Path 

A0897 
Read 
Path ~~~~AGC a PLLr~~~ 

Qual if ier 

SPINDLE MOTOR? 
I 

I 

I 
I VCM 

9 

AD7774 

r---
pC or os 

Buffer RAM 
Controller 

SCSI/AT 
I nterf ace 

Data sequencer. u: ...... --__ ~ 
Controller & ECC 

pC or OSP 
Interface 

System 
Interface 

J\ 

~~~~~~~~~~~~~~~~~~~~~~~~~Il~-



v"' 
YA2 

VI' 

VI2 

VilAS 6 

AD7774 FUNCTIONAL BLOCK DIAGRAM 

AGNO DGNO 

Il r -------_ .. I 

RD WR ADO 1.01 1.02 iiUSv 080 DB7 

VDO Vee 

2.5V INTERNAl 
REFERENCE AND 

INPUT REFERENCE 
CIRCUITRY 

VSWING 

v 0\1T" 

VO\1TI 

VO\1TC 

f' 
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'SMALL' SIZE 
SYSTEM REQUIREMENTS: 

• Reducing size 3 1/4 to 2 1/2 to 1.8". 

• For increasing capacity to 80 mb. 

- an increase in T.P.1. 

- an increase in data transfer rate. 

• Single platter. 

• Power save mode for portable PC's (Laptop/notebooks). 

• ~ow volume battery. 

• Low - Low cost. 

~( 



'SMALL' SIZE 
Technology Requirements: 

• For reduced size to < 1.8" 
- Component height reduction 
- Foot print reduction 

• Embedded servo technique - single platter. 
• Increased capacity by BPlfTPI increase, requiring more 

bandwidth/resolution (> 1 0 bits). 
• Power save requires power down mode to < 1% normal. 
• Minimize normal power drain to maximize life of fixed size 

battery. 
• 5V only operation reducing to 3V + 10%. 
•. Fast Interface speed for.high speed uP's/DSP. 

• Integration of additional functions. 
- Power drivers/devices and control circuits for VCM. 
- Servo demodulation spindle control functions. 

• SMD packaging SOIC/PQFP for small foot print. 
• TSOP{fPQFP for low (thin) packages. 
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Complete embedded servo front end for HDD 
Demodulator channel block diagram 

I 
I 

SPINDLE I MOTO,? 

- Ii' 

VCM 

9 

R/W 1~~·:lr:~:~:::::::::::::r~:::::~:::::::::::::::::::::::::::I:ii:i!ill·!.ill:i~I~~~:):~!:illlr:::::'::':':r:::::::"'ll;:1 
Amp 

Power 
Ampl if ier 

Power 
Output 
Stage 

Spindle 
Contro Iler 

DEC '91 16-Nov-91 

Buffer RAM 
Contro ller 

SCSI/AT 
Interface 

Data sequencer, 
Contro Iler & ECC 

IlC or DSP 
Interface 

ROM 

DSP 

ADSP21A9 

System 
Interface 



Complete embedded servo front end for HOD 
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- Embedded Servo Demod. 
- BICMOS Technology 
- 1 0 Bit Resolution DAC (VCM) + ADC 
- Area detect for increased noise immunity 
- 'MOTEL' Interface 
- 5Voperation + 10% 
- Power Down option 
- On chip ref. 
- Gated/Signal Sync'd mode (ZCD) 
- Additional 8 bit DAC - for spindle control 
- 5MHz signal input allowed 
- 2.1 uSEC conversion time per acquired burst 
- Software control # of bursts, # cycles/burst 
- 28 SOIC /32 pin TSOP 

DIIO 

Dee 

V~ 

VOI/TI 
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SMALL DRIVE 

Further Integration : Options: 

* Merge ND and D/A function with DSP/uP 

* Merge ND & D/A function with 
- VCM Power Control 

- All Spindle Control Functions 

- Programmable servo timing control 

- (1) 

(Servo demod. merged with Read Channel - (2) 
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2.5· Future I ntegrat I on (1992) 
4/5 Chips 
80 MBytes 
45,000 BPI 
15 MB/S Transfer 
19 mS Access Time 

Write Path 

Read 
Path 

I VCM 

~ [::!:i;~~j;':!l:::!j;"I:ll·~~~_t:~,:I:I::i:_~m ... ~ .. ~_. 

Power 
Output 
Stages Spindle 

Controller 
&.DAC 

_~~=+::::?i{1 Linear/PW'M 

Controller 

SCSI/AT 
Interface 

Data sequencer, 
.... --....... ..-i Controller &. ECC 

pC or DSP 
Interface 



I 
I hi 1111 

I 
• I 

II I 

~~ I 

~
~
"
I
 

0,' 
~ . 0' 

llY
n

n
" 



VCM 

R/W 
Amp 
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Interface 
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SMALL DRIVES 

FUTURE: 

• 3V Operation 

• Smaller motors 

. • Lower power drive < 250 mA (included on chip) 

• CMOS 

• Single chip embedded servo? 

• Semiconductor Memories!! 
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PROPOSED ADC SPECIFICATION 

Resolution: 

Accuracy: 

Sampling Rate: 

Error Rate: 

Input Bandwidth: 

Input Signal Range: 

~ Input Capacitance 

6 Bits 

Target 5.8 ENOB fFFEcrJVk A/Vll-fIJ£(L 0 J~ iSlTS 

72 MSPS 

10 E - 10 

5.8 ENOB to 25 MHZ 

5.0 ENOB to 50 MHZ (1.4 NyQuist) 

1.5 Vpp differential 

+ /- 375 mV about 2.5V 

5 PF Differential 



Jitter 

PSRR 

Assumed Driving 
Imped.-.ce: 

Power Supply: 

Power Dissipation 

Temperature Range 

Package 

< 40PS 

< 30db at 30 MHZ 

100 ohms 

5V ± 10% 

200 mWtotal 

100 mW for comparators 

OOto 70C' C Ambient 

OD to 125- C Junction Temp. 

Surface Mount: (SOIC/PQFP) 

'L 



KEY COMPARATOR SPEC'S DEDUCED 
FROM ADC SPEC 

• Error Rate (ER). 

• Input signal bandwidth (B.W.). 

• Power dissipation (per comparator) (P. D.). 

• L.S.B. size/input signal range. 



COMPARATOR EVALUATION 

• . Bipolar, CMOS, BICMOS circuits studied. 

• Relationships between technology/P.d/ER/BW 
established .. 

\. 

-( 
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BIPOLAR RESULTS: 

• > 5 GHZ devices will meet 72 msps rate. 

• Power dissipation is marginal. 

• Dynamic range good. 

• > 100 MHZ input bandwidth possible. 

• Good tolerance of temp/supply variations. 

• Major p~oblem with ECl to CMOSnTl 
conversion. 

• Can be extended to higher resolution. 



CMOS RESULTS: 

• Technology ~ 1 u meets 72 Msps rate. 
(No auto zero cycle). 

• Power dissipation just O.K. 

• Marginal on input bandwidth, sharp break - off. 

• Concern on dynamic range, comparator offset. 

• Solves the level shift problem. 

• More sensitive to temp/supply variations than 
bipolar. 

) . 

I ! 



BICMOS: 

• Needs ~ 1u CMOS Technology. 

• Needs good bipolar device ~ 5GHz. 

• Meets power requirements. ,,/ 

• Input bandwidth to > 100 MHZ possible. 

• Dynamic range O.K., due to low offset. 

• - - ~---- -----------------

• Possible to increase resolutions. 

- Best Choice for Target Spec. 



DAC's FOR SMALL DRIVES OPERATING 
AT3V. 

- What's the best architecture? 

- Assume Fine Line CMOS technology: 

(a) String Dac:· 

.- 2N Switches (256/1024) 

- Poly Resistor string 

- Guaranteed monotonic to 
resolution 

- 7/8 bits accurate 

- Vout range; 0 to Vref 

- Static output 

- Needs high impedance load 

- Not very fast 

., . 
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CMOS DIGITAL-ANALOG AND ANALOG-DIGITAL CONVERTERS 
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(b) - Current Source DAC 
(e.g. RAM DAC) 

- Can be very fast 

- Limited voltage output range (0 - 1.5V). 

- 10 bits monotonicity possible 

- 8/9 bits accurate 

- Static output 

- Could be calibrated. 



(c) Switch CaD DAC 

- C - 2C architecture or variations there of 

- Dynamic output for fixed input 
code 

- Needs post filtering 

- Needs poly- poly caps. for 10 
bits monotonicity 

- Could be calibrated. 

..... 
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- Choice of architecture should consider complete function not 
just D/A function i.e. follow on amplifiers; power drivers etc .. 

- Adjustment required to zero - out accumulated offsets in the 
DAC/Driver chain. 

DAC Code 

- Use Calibration 

But when can we calibrate?? 
Ref 

,T 
t-----"I 

+/x DAC 

~river 
t----t 

V QLOAD / / i" 
/lo.--_--' 

- ........... Ca ........ l-F 1 ...... a9~:_-_-~c_a_l Lor-0_9i_C ...... r<:= Rer
u

-

)' 
+/2 

Cal Signal 

/ 

/ 

----------- ---



ADC'S for Small Drives ORerating at 3V 

- What's the best architecture? 
- Assume fine line CMOS Technology 
(a) SAR Technique: 

- Efficient in area 
- Low Power Consumption 
- Limited in conversion speed 

(1 uSEC at 8 bits, 3 uSEC at 10 bits) 
- Use string DAC/Switch Cap. DAC/ Current Source DAC. 
- Sampled data comparator design 
- 9 bits no missed codes possible 
- 7/8 bits accurate 
- Could be calibrated. 

/"f 
/' 



SUCCESSIVE APPROXIMATION 
AID CONVERTER ENCODER 

HIGH RESOLUTION 
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SUCCESSIVE 
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REGISTER 

CONTROL 

HIGH SPEED 
D/A 

CONVERSION 
COMPLETE 

AND 1----------0 
-------------- ----------- --{~~~g - ----------------

Figure 4.2 
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(b) Flash - Flash techniQue: 

- Achieves faster conversion time (200/400 nSEC). 

- Greater power consumption 

- Larger in area 

- 8 bits (4 + 4)/10 bits (5 + 5) resolution 

- 7/8 bits accurate 

- Sensitive to noise. 
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- Choice of architecture should consider complete function 
not just the ND function, i.e. pre conditioning stages etc .. 

- With small signal span offsets become a problem. 

- Use calibration 

- when can we calibrate? 

Ain 10----1 , 
Ain 2f"\-
Ain 3n---t 

Vref 

Mux 

Ref 

..v 

ADC 

~ 

~ 
1-1 

Cal Reg 

f 
Cal Signal 

~ 

/0 



~========================================~v~ 

(c) Full Flash Technique: 

- Very fast (50/100 nSEC) 

- Power consumer 

- large in area 

- 8 bit resolution upper limit due to size 

---------------- ---- ----- -------- -- -------------

- Sensitive to noise 



MAGNETIC CHANNEL CHARACfERISTICS 

EDGAR M. WILLIAMS 
READ-RITE CORPORATJON 

o Recorded Magnetization Patterns 

o Zig-Zag Transitions in Thin Films 

o Mathematical Approximations of Transitions 

o Estimation of the Transition Parameter 

o Write Field Gradient Limits on Transitions 

o Writing at High Transition Densities 

o Time-Domain Asymmetry and Overwrite 

o Readback Pulses and Transition Shape 

o Readback Pulse Shape and Head Geometry 

o Pulse Interference and Amplitude Spectra 

o Pulse Shape Influence on Complex Data Patterns 

o Pulse Shape Influence on Peak Shift 

o Head and Medium Noises 

o Influence of Noise and Interference on Error Rate 



IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-19, NO.5, SEPTlMBER 1983 

l~m 
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OBSERVATION OF RECORDED MAGNETIZATION PATTERNS 
BY ELECTRON HOLOGRAPHY 

K_ Yoshida, T. Okuwaki, N. Osakabe, H. Tanabe 
Y. Horiuchi, T.Matsuda, K.Shinagawa 
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IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-22, NO.5, SEPTEMBER 1986 (p. ~q -~ /) 

Zigzag Transition Proflles, Noise, and Correlation Statistics 

in Highly Oriented Longitudinal Film Media 

by 

T. C. Amoldussen 

H. C. Tong 

International Business Machines Corporation 

General Products Division 

San Jose, CalifOrru3 
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-10 
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Figure: 3: Composi1r: ma~nctilatjon transition profile. 
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Transition Parameter vs Coercivity 
Write Gradient and Medium-limited 
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WRITING AT HIGH TRANSITION DENSITIES 

o Partial erasure of previously written transitions 
(sometimes called "non-linear writing effects"). 

o Writing occurs near the trailing edge of the gap. 

o Gap edge saturation exacerbates partial erasure effects 
(writing field spreads and write gradient decreases). 

o Transition Density 

Density = l/(T min X Velocity) 

o Partial erasure of previous transition is likely if 

Density "'" 2/ G (G = gap length) 

or Tmin "'" G/(2 x Velocity) 

o Simple Example: 

Velocity = 6 meters/sec (236 in/sec) 

G = 0.40 I-lm 

For T min"'" 33 nsec, partial erasure may occur. 

o Effective gap length increases when writing with excessive 

write current. ";:;'.!l~ 
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Normalized Signal vs Density 
(Thin, Thick, Asymmetric Poles) 

1.1 .~ 

1 -l -r<../---.. 
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-- P1/P2 = 2/2 micron -.-----. P1/P2 = 4/4 micron --- P1/P2 = 2/4 micron 
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Noise in the Time Domain 

E.R. = l-erf{z) '"' eifc(z) , 
Tw 

where z = SNR--
PW50 

f .f- T «7'( '" ~ () .:f T5 r '5 k4 ~-t:- =-()) .If, ~ Vj 

T w == T WSNR _ 4.57 PW50 
SNR 
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Figure 5: Log1o E.R. vs Detector Window Size 
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. 
Head Type RH(Q) Rs(Q) L(nH) C(pF) fR(MHz) 

TFH (30-turn) 31.0 292 475 5.2 ' 101.3 

I TFH (42-turn) 45.0 417 
,@,,-'~h' 

825 5.0 : 78.4 
.,..... ... 0 

MIG (34-turn) 4.4 .:J,~ 
! 2805 1580 5.0 i 56.8 
" Mini -Composite 6.0 3410 4200 5.2 ! 33.9 

I~,.;W 

Mini-Monolithic 6.0 5410 14000 6.0 17.4 
. 

4-c<- '--c"..~ 

If a head is loaded by a preamplifier differential input resis~ance (Rt ) and input 
capacitance (Cs), the real part of the total impedance is . 

R 
Re[Z] = 2[(RB)(RB+Rp) + (wL)2], 

D 

where the tenns Rp and D are defined by the relations 

and F and J are given by 

Rs R] 
Rp = Rs+R] 

D - [RH+Rp-J«.)2)]2+[F(.)]2 

F - L + [RH Rp(C+Cs)]' 

J - Rp L (C+Cs)' 

(2) 

(3) 

(4) 

(5) 

(6) 

When a head is loaded by a preamp (assume RJ = 750Q and ts = 20 pF), Re[Z] 
changes substantially; Figure 2 is a plot for the heads in Table L and resonant 
frequencies are reduced by the input capacitance of the preamp. 



Noise Impedance of Heads 
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T I tl1 I NG ~l I NIIO~l ~.nd t'1ARG I ~~ BlIIIGET 

Er'r'or' Ra.t e = er'fc (z) 

z = (SHR/PWS9)(Tw - Tp - Two) 
I 
I 

Tp -= 0 for' sldmmetric patter'ns (1111, 1010, et~.) 
I 

TI,.I0 -= 0 for' 3.n'~ p3.tter'n 1 .. .Ir'i tten on same P3.tt~r·n 

I 
I 

I 

! 

erfc(4.50) = 1E-10 Error Rate 

Tw10 = (4.50 PWS0/SHR) + Tp + Two 
I 

= T~JS~~R + Tp + Tl~IO 

= Noise + Pattern + Write-induced Shifts 

SNR is pk-pk signal to RMS noise ratio 
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Outline 

1. Review of Peak Detection 

2. Sampling Detection 

3. Gain and timing control 

4. Equalization 

5. Performance 
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Comparison of RLL (O,K) Constraints 

Data: 1 1 0 0 

FM: 1 1 1 1 0 1 0 1 

MFM: 1 0 1 0 0 1 0 1 F t, 

(2,7): 1 0 0 1 0 0 0 o ' .. 
" 

(1,7): 1 0 1 0 0 0 
'''''''''i.:M'',;. "...... ... ,.' .. '.' .. . """',,""" , .... ;" 

FM -MFM - (2,7) Same clock, reduced pulse 
crowding 

(l,7)vs (2,7) Involves trade-offs 

liST 12/91 a 
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Countering Inter.ymbol 
Interference (II) 

Eliminate II 
Linear Equalization 

(Noise Enhancement) 

~ 
Make II CauNI 

/ ~ 
Bit Transmitter 

Detector I Precoding 

DFE /" 
(Error Propagation)/, "" 

Sequence Detector 
(Vilerbl Algorithm) 

Partial Response 
(Noise Enhancement) 

Generalized 
Partial Response 

(Peak Power Penalty) 

...... I. 5ununuJ flaftUabie methada fl couna.tftl IalerlJmbollnlaf ....... Ia IImpUIII ....... 
liST 12191 a 
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Zero-Forcing Equalization 
• Equalize NRZ bit response to: 

. -+ 
r-I - <- '~ ~ ...J'-~"'It~ 

-tiTle- "" 7_.·~ 
-J ..... +~ 

$1.' CER. 

-----1 'IL'U I I ~c 1..-

• limited by noise enhancement 

. liST 12191 a 
'-~-----------------------------------------------------------------



Partial Response 

• Equalize NRZ bit response to: 
, 

~l ,~ 

- ... ' 
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-\ 
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." 
." 

p(-l- ,-1>& 
() 

.. - .. ,oatIL 

CHA .. Nt~ 
, f'L",~" 'SL'C.lll J<...eVeJ-

. I 

,eel 
... "&2 

ft;;O(,lL 
I'-'-DPIJLO'L 

)CJUi"fJU 
p(D) 

• no e~r~r prC?pagation 

/I--t/JDVL() 1-~ ~ 
tll)"'-.-/::: / 

0-::0 1Jt liS: ~~,r(. '-.... PArty 
Co ... f ", "4- () -t-e 

Pefilr Oe-te.c.t-(j<\ 

• less noise enhancement than ZFE or Flat /1.,~'i'j,!t)V - (i"-/u. 
/J( 1W~4 1l4'''.;--e,) 

• more noise enhancement than DFE 
.... . liST 12191 a 
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Conclusions 

Best aternatives are PRML and DFE 

Compared wtith the best peak detector, they offer: 

• 25 - 40% linear density improvement at the same 
error rate and noise level or ... 

• 5 - 7 dB more noise tolerance at the same linear 
density and error rate or ... 

• Several orders of magnitude improvement in 
on-track error rate at given linear density and 
noise. 

_ . liST 12191 a 



o <61",1S". 

~66 ~ Jaqwa:>aa 
.lSIl 

UO!leJodJoo wnlueno 
lIaMOH WO! 

6uISSaOOJd leu61S lel1610 
JOj Sa!l!unIJoddo 



Outline 
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Digital Magnetic Recording Channel 

~ It 

• 0 • 1 • 1 • • 
• I I I I 

.0.1.1 •• 

Causes of bit detection errors 

• Random noise 

• Pulse crowding 
(1 's close together) 

• Loss of clock synchronization 
(1 's far apart) 
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Comparison of RLL (O,K) Constraints 

Data: 1 1 0 0 

I'M: 1 1 1 1 0 1 0 

MFM: 1 0 1 0 0 1 0 

(2,7): 1 0 0 1 0 0 0 

(1,7): 1 0 1 0 0 
. ·X'''~,.M:·:;·- .. · ':.-;::.,,- "-:.~ :~'.' .C' . -:~:'~~, '. ~ 

FM --MFM .. (2,7) Same clock, reduced pulse 
crowding 

(1,7)vs (2,7) Involves trade-offs 

1 l 

1 1\ 

0: 

0 
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Countering Inteflymbol 
Interference (II) 

Eliminate II 
Linear Equalization 

(Noise Enhancement) 

Bit 

~ 
lk'II~U\ 

Transmitter 
Detector I Precoding 

Sequence Detector 
(Viterbi Algorithm) 

DFE /'\.. 
(Error Propagation)/" "" 

Partial Response 
(Noise Enhancement) 

Generalized 
Partial Response 

(Peak Power Penalty) 

..... I. Summary ~ aYailabie methoda ~ couaIert ... ......,...boIlnlerfennce In .... pIlaa ....... 
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Zero-Forcing Equalization 
• Equalize step response to: 

SLIC:::~ 

--4.\ FtL7ER 11------.1 ~~c Ir---.. 

• . limited by noise enhancement 
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Zero-Forcing Equalization 
• Equalize NRZ bit response to: 

....-. .... (' .. ";! '\ ~ ...J t.-.. .-... t f. . ~"=! 

~T" 
-I .... +If-

SLIUR 

----tIt 'IL'£~ I i-:rfC I~ 

• limited by noise enhancement . a 
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Decision Feedback Equalization 
• Equalize NRZ bit response to: (JO-TTE~ ><§ft/(L 

------ ----

, - - ' 

f:oc.w" "0) 
'IL"f11t I 

--- --- -- -- -- -

+ 

- -- - - - --- ---

+ ",-t;, 
-

- I ,-, 

fE.l"'ACa;. 

l' 'u. ,,~It 
C/J "--U2 <- ! N-f{<, f ~ ".,:) ,,_ 0,( 

I it -t'{~'l ('" ,\ I, C C 

--

rFI-,. He ,~:; ,/" 1..e..-,< 6'(-/-1.-7' ( 

I' '(2)1 b "7J' (J:;;~ C;;" _ 

1\' 

• subject to error propagation a 
'-___________________________________________________________ "S_T_12_~_1 



Partial Response 

• Equalize NRZ bit response to: 

--r-l ' ; 

- ...... 
o 

-I 

() 

." ... 

p(.l- ,- f>& 

" 

.,-,c.o.t" 
~MA .. Nt\.. 

& fIL't'" ~L"f." Jt....eve<-
I r I 

• >~ ... !3U :rF--,(~l 
reD) -

..... 2 
/4I)DVt.() 't. 

~oc.'A.... 
""oP ul.O 'L 

t/DIA...-t:::: / 

0-:::0 

• no e~r~r pr<?pagation 

• less noise enhancement than ZFE or Flat 

1J£ &f- }--d/r'L / .... iJArl-;Y 

Co .... fl., "<2-1) -r-e 
Ft2/dr De "1 e.c.rr;,', 
It, €7'i-! t) V • (. '''-/u.. 
j, ( /W.:.4 Mt/:' -e,") 

........ a liST 12191 
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Maximum Likelihood 
Sequence Detector 

Received Signal: m~ 

Compare to AI I. r.P.i .m 
t:f?l. ~ Dest Match o I I 0 I 0 

t-k!j~ 
t:f?l..tBd 

Most likely infonnation sequence: 

... 0 1 1 0 1 0 ... 

. 115T12191 a 
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Viterbi Algorithm Path Metrics 

2 2 
I n(+1)=min{Jn _ 2(+1)+(yn -0) ,In _ 2(-1)+(Yn- 2)} 

2 2 
I n( -1) = min {In _ 2( +1) + (Yn + 2) ,In -2( -1) + (Yn - 0) } 
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Viterbi Detector Metric Calculation 

• 
• ' .... • 

! • Jj 

'"Not DJ~ 

It. 

~"'l 

Two's complement representation is used. 
Most significant bit (MSB) is at the top or left. 
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Sampled NRZ BIT Responses 

1 - 6 Feedback Taps 
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Conclusions 

Best aternatives are PRML and DFE 

Compared wtith the best peak detector, they offer: 

• 25 - 40% linear density improvement at the same 
error rate and noise level or ... 

• 5 - 7 dB more noise tolerance at the same linear 
density and error rate or ... 

• Several orders of magnitude improvement in 
on-track error rate at given linear density and 
noise. 
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Data 

.0.1 1 t 
'Compression' 

Encoder 
.L 

Error 
Correction 
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.L 
Modulation 
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.1.0.0.1.0.0. ---± 
Signal 

Generator 

~ . 
Write 

Equalizer 

~\ 
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~ 

Data 

t 
Compression 

Decoder 
i 

Error 
Correction 
Decoder 

i 
Modulation 

Decoder 

° 1 

+ 100100 

Detector 1 ...... . 
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CON~' GVRAf"ION OF COOE5 
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"\ 

WRITE 
DATA 

PRML Channel 
I I 

GAIN : TIMING: TAP 
CONTROL! RECOVERY : ADJUSH1ENT 

I I 

READ 1 
8/9 

ElKaDER 

WRITE AMPLIFIER 

I :I~:~:;!J~~:~' 
F I XED I ,J r.:-:, I ADAPT I VE 

EQUALIZER ~ADC~ EQUALIZER 

"1"~ ~. 
"0" LJ 

_.A c:>- ._ 
<::> 'Cl t 

fi\ -<> .... ~{ r'- " 

PRML: PARTIAL·RESPONSE CLASS-IV SIGNALING 
with MAXIMUM·L1KELIHOOD SEQUENCE DETECTION 

VITERBI 
DECODER 

9/8 
DECODER 

READ 
DATA 

• 30% linear density advantage over (2;7) peak: detection 
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D£T£CTION 

Xk { P p;J J~ 'k I ," · h(O; )$ ~ Detector ~ xlt. -... r 
~" ,-.v N (0) ~ 2) 

• , J ,,-.). . ~. 
Rece.ived.. 
..SQ.w,r1e.5 : rk ::: J It. .... hl.-k 

• Ma..xiW\CA.rYl L;ke';~ootL (ML.) cLeTeG-for-

~ r(r/~) 
:c: "" 

I ,. ke I,' h DoL fkYle t I~I'L 

ML- is opt/mal dttec:lor 

ML C ;> Min; m"~ -DistarlCt., • "-

hKa..,c f ( C / ~ ') <:=> 
de. (0 cAl "nJ 

, 

7 L (rk. - ~k)2. 
)( - k ---

/3 
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MAXtMV,v1- LI keLfJ.lt>()p P~7€<:.-r't>N 
, 

( 5',",81:: nA"- \ c...) 

Received Signal: 

, 

Compare 
to All 

//,\1 l/i\ 
01 a I 1 101 0 I 1 

//\ 

/ o I 1 1~!/1 

~ t~to,11 V i I 'r 
'-..-/ 

/f,\! ---~ 
10 a I 1 '~1/1/1 0 

Most likely information sequence: 

. . . 0 1 0 1 1 

Best 
Match 

~ 

r 
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• R e.. c,uysi ve.. ..so ICAt'~l1 of M L r1~-fe.~t,o·t'1 

( dj t'lA.V'1ic prOjI"'AM..,; "j ') 

• Tre..lli.s Y"~p"ese.. .. to.t;~" of Pi< cJtAh~' 
(Foyt1 ej) 

o 

• • • • • • 

\' D"' ~I I I ' leo «e, C"'A.nrle.. : h (0) = /- D 

• Ire.. I I i $ - bttsttL arcj'1; tee.. tu.n. 

!;.L{! (',1 

..5 to. t tE-

_ ~ A dl r {pmrar(. - I.e{ec.t 
F rc c.e.,t.r (> r 

( A C- S) 
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.. Pit .fe.~u,- h')et(;( forM\,\.' A..ti ov\ 

Extension Condition Update 

D.Mk ~ 2Yk+l - 1 DMk +1 = 2Yk+l - 1 

0- ~ (0 
2Yk+l - 1 < DMk < 2Yk+l + 1 DMk +1 = DMk 

~ 

2YHI + 1 ~ DJlh DMk +1 = 2Yk+l + 1 

19 
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.2.4-

-SLIPING-- BL-oCK.. <iOP€5 

• F i V'l i +-e, - sf A -t t.. e.Yl c..o tAe. y-

p bits q bi ts 
Encoder "" . ~ 

Logic 

~ (states) - 1 

• .s lid,. n j - b Joe k ~~C-1> dt V' 

• 

q bits 

~ 
L ___ - _me_J_ 

~ r / 
Decoder 

Logic 

, 
r- I 
'--y---/ 
p bits 

pro..c tical C()~ tol1.r f("fA~h();, ~.t fk~ls 



Sliding-Block (O,G/I) Codes 

.-- ._--_._------ ----__ ---__ 0.- .---_ .. _ ..... _.-_.- . 

(O,G /1) Capacity Rate E~fficiency . F~ncoder I)ecoder 
( % ) States Window 

. -- _. -- .------. 

. (0,4/4)+ 0.961 8/9 92.4 1 1 
- . 

(0,4/3) 0.939 8/9 94.6 3 1 
(0,3/6)~ 0.944 8/9 94.1 1 1 

.. -
(0,3/5) 0.941 8/9 94.4 2 1 
(0,3/4) 0.934 8/9 95.1 3 2 _. - -_. --
(0,3/3) 0.915 8/9 97.0 4 2 

-_. ..0 ____ . 
, . 
~ q J'-Cl>" #o.\- i?lTr 

* Originally found by J. Eggenberger 

~ 

~ 



~lo 

(O)&j:r) - (o~ if/If-) 

• Opr-,'MAI list- 6F 27; 
( ;f\ deciwt4.!) 

9- hi f i.Jor'k. 

73 116 183 225 268 310 361 402 438 479 
75 117 185 227 269 311 363 403 439 481 
76 118 186 228 270 313 364 406 441 483 
77 119 187 229 271 314 365 407 442 484 
78 121 188 230 281 315 366 409 443 485 
79 122 189 231 282 316 367 410 444 486 . 
89 123 190 233 283 317 369 411 445 48·7 
90 124 191 235 284 318 370 412 446 489 
91 125 195 236 285 319 371 413 447 491 
92 126 198 237 286 329 372 414 451 492 
93 127 199 238 287 331 373 415 454 493 
94 146 201 239 289 332 374 417 455 494 
95 147 203 241 291 333 375 419 457 495 
97 150 204 242 292 334 377 420 459 497 
99 151 205 243 293 335 378 421 460 498 

100 153 206 244 294 345 379 422 461 499 
101 154 . 207 245 295 346 380 423 462 500 
102 155 210 246 297 347 381 425 463 501 
103 156 211 247 '. 299 348 382 427 466 502 
105 157 214 249 300 349 383 428 467 503 
107 158 215 250 301 350 390 429 470 505 
108 159 217 251 302 351 391 430 471 506 
109 177 218 252 303 353 393 431 473 507 
110 178 219 253 305 355 395 433 474 508 
111 179 220 254 306" 356 396 434 475 509 
113 180 221 255 307 357 ·397 435 476 510 
114 181 222 265 308 358 398 436 477 511 
115 182 223 267 309 359 399 437 478 

. 
G-~ It ! 6~ O~ a.:t hej''''l1i';J j.el1d. 

:=Elf- CC~S.ec.lAt;v~ 0 s i nsjc/.(.. 

:r:~tt: ~~ o's cd:J,~" 101" i ~ / eJIIL 
It\ e~(,h jY,feY--leA~ -

~LI- ~olt\ secCAfi Ve.. o'.s 'h~;ct.t... 
i"" e. d. <.,,1-\ i",t-e.y Je~V..L------
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Trellis Code Design Problem 

• Replace selected digital blocks in PRML channel 

8/9 Headl 

--- Encoder I-- Disk 

• Trade -ofts 
--- - -- ---- - ----- -- -

- ---- - ~ - ---

Coding gain (dB) 
. . 

Eq. Gain Timing 
Control Control Recovery 

, 

l 
Receiver ML 

- Filter 

-- --

vs 

- - ·ADC t- (Viterbi) 
Detector 

I 
9/8 

Decoder 

Code rate 
------- ~ - - -- ------ - - --- ----- t 

Encoder/decoder complexity 
Viterbi detector complexity 



Trellis Code Exampie 

• Interleaved Biphase (18) Code 1-1 1-1 

Rate: 1/2 (2:4) 

Encoder: xy --t xyxy 
? "o~ 

-1 1 -1 1 

• Coding gain 4.8 dB 

d 2 = 6 
free 

( 1 0 log 1 0 ~ = 4.8) 

• Complexity 4 ( # edges) 
stage 

IIJ 
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Increasing Areal Density 

W 

• Reduce trackwidth by 3: 

• Rate 112 I B code~ 

• Net areal density: 

• Same Pe 

W/3 
-
W/3 

W/3 

costs 4.8 dB 

gains 4.8 dB 

1.7 (70% increase) 
3 x (1/2) x (9/8) ~ 1.7 



34-

<.0 
I 
o 
..-

o 
N 

II \Q 

.........-.-. -
OJ 

'--"" 
L 

D-
La N 

4-

CL 
Z 
Ul 

a:l 

o 

1 ~fr(.,K Co" -r 1 N ~ 

PRML 

w/3 
\V!S W!6 ~/--. IS ~..,,,, __ -- Rate 1 12 

w / W!4 Jr--~- 48 '-_ ....... ~ . dS 

W/3,,/ ~ ,," I f.,l-r-e,h L . . ') W!2/ %vt %, IBille. (jJOt 

" r" 
I 

w " / 

/' 
( 

4- 8 12 16 

Normalized Areal Dens:ity 

- ::r:B 0-t't4-/ olet\sifj Jair\s > '10'7. 

Low Y"t)... tt.. =9 Vf.Yj t'lQr~or.J t,.t(.~s 

. .' ; 



(0 

I 
o 
~. 

o 
N 

II <0 
,..-" .-
(lJ 

""-" 
L.. 

D-
L.. 
o· ~. 
~ 

0:::. 
Z 
U1 

co 

o 

I RAe }t( Cu J'- , tJ G 
( c.o h +.) 

4 8 

W/3 

Rote 4/5 
3.0 dB 

12 

Normalized Areal Density 

• Ra.t£... If/'!:") j Q.I", 3 J.. E. 

- SQ.~t.... cAt.V\ , ; tJ f"~ ~ 
- W i <Lt,v- --t-nA<:..ks 

16 

3S-



• 
• 

• 



., 
~ 

'" 
..A~ 

1 
CD 

. . 
• 

-
0

0
 

\n 
.
~
 

-L1~ 
o 

0 
-
'\ 

~ 
• 

• 
e 

~
 
s
~
 

H
 ~
 

'of 
~
i
 

~
 

~ 
-A

 
• 

• 
0

-
~"+-

n 

" 
o 

0 
~
 

-
.
~
 

"." 
• 

• 
,
0

 
' -

0
-

~
 

U
 

\oJ 
0

-
V

] 
~
 

• 
• 

o () 
C

) 
0 

C
). 

~
 

.. 
• 

0 
Q

 
0 

'-
Q

 
0 

U
 

~
 

~
 

~
 

.~ 
\q

 

1 
" 

-
{ 

:c 

~
 

...0 

~
 

-
Q

 

~ 
-

i 
~
 

\-

-
\f, 

~
 

~
 

0 
-

..J 
\ 

0 
~ 

~
 

-
\f 

" 
"< 

; 
, 

0 

~
 

'-.J 
~
 

,--..--... 
~ 

0
0

 
~
 

fI 
.. 

. ~
 

0
0

 
'1 

-
• 

• 
-J 

0
0

 
.. 

• 
0

-
• 

. -( 
-A

 
• 

• 
.. 

0
0

 
· 

.. 
C>o 



\)
J
 

0
0

 

• 
• 

• 

~
~
 

0 
~
 

~
 

~
 

r 
~
 

l'
 

- -
3

-
-
,
 

(\
t.

..
.s

,)
 

J
) 

~
 

~
 

S
) 

---
~
 

-. 
h' 

1 
~ 

x 
" 

b 
~
 

-
0 

-
"
 

! 
~
 
~
 

S
\-

~
 

-"
'(

J 
't..

 
~
 

-. 
~ 

-. 
_. 

~ 
'" 

c.
l 

~ 
<-.

 
\J

 
I
~
 

~
 

~
 

0 

~ 
<

 
~
 

r 
_. 

s 
c 

p 
-+-

-
-\ 

~
 

3 
~
~
 

~
 

-
-

<
-

("
to

-
0 

z.. 
1\ 

~ 
~
 

» 
-

5-
~
 

o
· 

r
-
~
 \1

t 
l 

r 
~
 

+
 

" 
~
 

0 
- L

-
-
-

~
 m
 

-
-

b ~
 

J ~
 ~ 11
 

-
.
/
 



~ 
-

-:l 
, 

1 
~ 

0 
C

 
\J 

0 
........ 

~
 

l.. 

""" 
--

~
 

~ .. 
-... 

~
 

"f'i 
~
 

'" 
\n

 
~
 
~
 
~
 

-$ 
\ 

~
 

~
 

::t-
\1J 

a
-

:t-
('( 

ti 
~
 

..,J 
£ 

s 
'" 

~
 

Q
 

f() 
v 

CD 
.-

~
 

0 
-J

 
....... 

~
 

v 

"" 
\u 

-II 
• 

'-\-
Q

 

~
 

~I 
0 

~
 

~
 
~
 

~
 

V
 

s: 
L

-.J 
-..... 

:s 
~
 

..J 
~
 

~
 

~
 

1:: 
~ 

" 
~
 

-
~") 

r-:'1 

Q
.. 

~
 

tL
 
-\~ 

M
\:3-

::l.\\n 
~
 

a 
E

 
~
 

-+-
~
 

~
 

~
 

-e 
j 

~
~
 

~ 
x 

~
 

~
 

\..u 
~
 

~
 

L.~ 

co 
~
 

• 
• 

, ~
 . 



-
0 I I
 • ... 

!I- --, " 
--
--
--
,~
~~
)~
~:
A-
--
I 

-. '" ~ 

• 
• 



• 
• 

~
.
 

o +, ---

" 

o 
, , 

...... 
II 

. 
o 

H
 . 



~
 

N
 

• 
• 

""
 

0 
~
 

" 
S>

 

E
 

en 
~
 

~
 

~
 

~
 

liD
 

~
 

Ie;
; 

~
 

~
 

10
 

lU
I 

~
 

N
 

~
 

k.>
f 

t:: 
1./>

0. 
.....

.....
... 

~
 

10
; 

~
 

~
 

~
 

fj
 

~
 

I::
j 

r;: 
L.

.. 
leD

 
1m

 
!C

o 
N

 
k:;

; 
1

0
 

H
 

~
 

~
 

~
 

Ie
; 

~
 

liD
 

~
 

~
 

t:: 
I.f>

.. 
~
 

k.>
f 

~
 

10
 

-..
...

...
/ 

N
 

It
n

 

~
 

~
 

~
 

~
 

fj
 

~
 

~
 

~
 

Ie
; 

k:;
; 

1
0

 
!C

o 
N

 
It

o 
1m

 
r;: 

I
~
 

F=
 

" 
~
 

fj
 

~
 

~
 

~
 

10
; 

~
 

~
 

10
0 

N
 

k:;
; 

1
0

 
r;: 

i-
" 

It
o

 
10

'1 
"\

 
~
 

Ie;
; 

~
 

~
 

~
 

~
 

~
 

liD
 

~
 

t:: 
10

 
~
 

'"
 

'"
' 

k.>
f 

I.,
.. 

lU
I 

IN
 

0 
~
 

~
 

~
 

Ie;
 

~
 

~
 

~
 

fj
 

leD
 

1m
 

r;: 
i-

" 
k:;

; 
1

0
 

!C
o 

I
"
 
~
(
1
 

V
 

~
 

liD
 

~
 

~
 

~
 

~
 

~
 

Ie
; 

~
 

10
 

t:: 
~
 

" 
N

 
It

n 
I.f>

.. 
Iv

. 
-< 

0 
-
;
-
~
 

" 
;:

 
~ 

, ~
 

~
 

-.
 

\J
 

:s 
)o

J 
'
-
/
 

~
~
 

{,J
 

t :r
-

~
 

;
~
 

"
. :s
 

(N
 

J 
:3

 
t-

....
. 

-
\
)
 

:s 
V

, 
"""

'-
~
 , ~ ~ ~ ~ 



w- U COD~ .e-XAMfL..~ 
( C~YI+. ") 

• De+ev+-oY" e~~ \4.b.e..l~ 

- to - + to - - to + + to + 

o ~1Q10Q 
- 11011 

16 ~ OQ10Q 
- 01011 

8 ~001QO 
- 01011 

24 ~ 101QO 
- 11011 

1 ~ l111Q 
- 10001 

17 ~0111Q 
- 00001 

9 ~01110 
- 00001 25 ~ 1 1110 

- 10001 

2 ~0110Q 
- 00011 

18 ~ 1 110Q - 10011 
1 0 ~ 1 f 1 QO 
- 10011 

26 ~011QO 
- 00011 

3 ~ 0011Q 
- 01001 

19 ~10ffQ 
- 11001 

11 ~lQ110 
- 11001 

27 ~ OQ1l0 
- 01001 

4 ~ 001 Q1 
- 01010 

20 ~101Q1 
- 11010 

12 ~ 1Q101 
- 11010 

28 ~ OQ101 
- 01010 

5 ~01111 
- 00000 

21 ~11111 
- 10000 

13 ~lfl11 
- 10000 

29 ~01111 
- 00000 

6 ~ 11191 
- 10010 

22 ~011Q1 
- 00010 

14 ~ 01101 
- 00010 30 ~ 11101 

- 10010 

7 ~ 1Q111 
- 11000 

23 ~ 09111 
- 01000 

15 ~00111 
- 01000 

31 ~I0111 
- 11000 

1./-3 
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State s1s2s3 00 01 10 11 
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1_ INTRODUCTION 

- Analog Signal Process ( ASP ) based ATE 

- Head tester 

- Parametric tester 

- Phase margin tester 

- Time interval analyzer 

- Disk Certifier 

- MP, EP, MOD tester 

- Window margin tester 

- Glide tester 

- Flying height tester 

- Digital 

- Average flying height measurement 

- Dynamic flying height measurement 

- Analog 

- et el 

- Digital Signal Process ( DSP ) based ATE 



2. PARAMETRIC TESTING 

(A) TRACK AVERAGE AMPLITUDE 

! 

- ANALOG SIGNAL PROCESSING CAN PROVIDE 
AVERAGE TAA. 

DSP APPROACH CAN PROVIDE 

AVERAGE TAA 

POSITIVE / NEGATIVE MODULATION 

CONTRIBUTION DUE TO MISREGISTRATION OF 
READ HEAD 

CONTRIBUTION DUE TO SPINDLE! JITTER, 
AXIAL & RADIAL NON-REPEATAB~E RUN OUT. 

(8) O/W MEASUREMENT 

ASP TECHNIQUE USES BAND PAS!S FILTER OR 
SPECTRUM ANALYZER. 

DSP APPROACH CAN PROVIDE 

DSP USE FFT ANALYSIS 

CONTRIBUTION DUE TO SPINDLE JITTER 
& RUN OUT 

CONTRIBUTION DUE TO MISREGI!STRATION OF 
READ HEAD. 

'1..Dfv..",I-r ;{e-v 10~--re'l vl-;~[/(I (!.lite 

f4~e/v fvv~ I~~C" Y I'" P ~p 1'QJ;-( 
S '< S-1e" -nt AI' P /./IW". ".. ,~Q iJe' 



(C) NOISE MEASUREMENT 

HEAD NOISE 

- JOHNSON THERMAL NOISE 

- BARKHAUSEN NOISE 

- MAGNETIC DOMAIN INSTABILITY 

- AMPLITUDE MEASUREMENT 

- PULSE WIDTH MEASUREMENT P","","L 5 

- HEAD BIAS TECHNIQUE 

MEDIA NOISE 

(?f/}"'7 c...u ....... ~-r..:::::. )~'" <SF I-+./ 
VJ,f1'#BL€.- tt~p x.- 1-% 

- SA TECHNIQUE 

- TRUE-RMS VOLTMETER TECHNIQUE 

- REVERSE DC ERASE TECHNIQUE 

- MEDIA EDGE NOISE 

(D) WAVE SHAPE ANALYSIS 

- PULSE WIDTH 

- UNDERSHOOT 

- ASYMMETRY 

- SPECTRUM 

- RISE / FALL TIMING 

- NON-LINEAR RESPONSE 

f\-
/'+((&.J :-/~I J}{){., 
~jp~p' 



SPECTRUM 
A: REF 

40.00 
[ dBm 

B: RE-:F' 
0.000 

] [ .J 

o MKR 
fvlAG 
MAG 

I .1 .LA A 

20 000 000. 000 1-17 
__ ~J~7 . 692·4 d Bm 

DIV DIV START 0.001 Hz 
1 a . 0 0 1 a . 0 a S TOP 20 0 0 0 0 0 a . 0 0 0 rl z 

RBW: 30 KHz ST: 5.57 sec RANGE: R= 0, T= 20dBm 
REF= 4.00000E+01 



3. TOTAL TIMING ERROR 

I. HEAD / MEDIA / PREAMP NOISE 

II. INTER SYMBOL INTERFERENCE 

III. PEAK SHIFT DUE TO HARD TRANSITION EFFECT 

IV INTER TRACK INTERFERENCE 

V NON-LINEAR DISTORTION 



I_ HEAD / MEDIA 
NOISE 

/. PREAMP 

Peak Shift based on SNR 

Simple approximation 

Te = [ Ts / 4 • 2 ] ..; - log (4.2 * iPe ) / SNR '0 . 

where 

-22 
10 < Pe < 

-3 
10 

Ts = Time period for highes~ frequency 

Te = timing error 

Pe = error probability per bit 

SNR = signal to noise ratio ~rms to rms) 

1..-0-1 U5 S 16l( <)14 f.- ::; ~'t 0 

)" ~ ~<l-L- pt.,eJS< 

J er G 'If 1 g ~ )" 

G.H.Hughes & R.K.Schmidt, n On noise in digital 
recording", IEEE Trans Mag, Vol. MAG-12, No.6 pp 752. 
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v (K) = 

K = 

G(K) = 

II_ INTERSYMBOL INTERFERENCE 

TFH PEAK SHIFT CALCULATIONS 

2 V W Mr 

2 

2 f 

v 

SIN (gK) 

gK 

al 

-Kt -K ( d+a ) 
1 - e e 

G( K ) . .. (1) 
Kt 1 

............................. '. . ....... (2) 

1 A 
{ --------

2(1+C) A-jK(g+pl) 

1 A 
- ---- {-------- + 

2(1+C) A-jK(g+p2) 

2 

Be 
+ ----------} 
B-jK(g+pl) 

Be 
--------- } 
B-jK(g+p2) 

, 

Mr 

jK(g+pl) 
e 

jK(g+p2) 
e ..... (3) 

1/2 

a = (--- -
2r 

t al t) t 
---)+[(--- - --- +(--- + 2t 

4 2r 4 2 
- --- )! 
4Hc . :~-] 

v (X) = 
1 cc 

t 
T ">1=1 

....... : .............. (4) 

2 Ii ;2 Ii 
V(nK) . { SIN(n.---.x) - SIN(n.---(x+T1» 

TiT 

2IT n~ 
- SIN(n. ---(x+T2»} . {(1 - COS(nii).(i) } ...... (5) 

T 

Where T = time period for isolated ~ulse 

T1 = time period between positive peaks. 

T2 = time period between positive and negative 
peak. 

A.Singh & P.G.Bischoff," Optimization of! thin film heads 
for Resolution, Peak shift and overwritte", IEEE Trans 
Mag, Vol. MAG-21 , No.5 pp 1572. 



0
-
-

.-::: . 
.. . 

• 
_

w
, 

• 

-
.
 
I~ 

I
"
 

• 

. . 
....• .:.: 
.
',

1
-

... ."
 .. ' 
". '. 

..... -
:;":'-: 

:a ... 

-T
.:' 

". -. 
.-A

:"': 

c
;.. 

.:-:: 
_
.
~
.
 

:Il ... 
iC

a
-

.... :.I~ 
.:..:-:" 
.'."':: 

z
:
:
:
~
-
_
.
~
.
 

----
.::'~-: 

.... :. 
.-" 

.
~ ... ~ 
.
_
~
.
:
 
(':1

;"-
.. 

.. 

x:.:: 
L ...... .

.
.
.
.
.
 

-
'0

-
• 

_
_

 a 

L
&

.' .
.
.
.
.
.
.
.
.
.
 . 

....... -._ .. 
• :-a: 

.°
0

.... 
_

_
_

 

::.:: r·... ,,",. 
1.---

.. .....,;;'. -_" • 

,---1-
I
_

a
 .,,_

,,"
, 

=
 .• ...,;..:;C

 

_:-so. -:a.:
.
:
:
.
-
.
~
;
.
.
 

.:::I.~ ... ::L:IIo 

------
-
-
_

._
-
-

- 'cr;;. 
-"

,:"
 

• 4
S

· 

• ~-
=
.
 

.. :-
-.f ,.-. e;:: 

•.• _. --._0-
n

' 
. -" ...... 

• ::.&.:-
"W

-
-
-
I
 

l':!' 
.. :~. 

..... : .. 
.:-..: 

11...,-, :: :U~ ", ... ~
.
 

"-".' 
.. -: .... 
.~. "" 

I
I
 

,-.--, 

I
t
 

M
 

.,... 
en 
s... 
<tI 
E

 
Q

J 
V

I 
<tI 

..c: 
0.... 

.,... 
u.. 



."
 

l.C
l -..
..J

 

"'
0

 
Il

) 
Q

I 
:>

<:
" 

c.n
 

::
r .....
 

-+
, 

M
-

e.
. 

c.n
 

M
-

""
I .....

 
C

T
 

c:
 

M
-

0 :::
I 

-+
, 

0 ""
I .....
. 

L
v :s:
 

.
"
 

:s:
 

"
0

 
Q

I 
M

-
M

-
Il

)
 

""
I 

.....
 

::::s
 

.....
 

N
 

.....
. 

a a a 

N
 o a a 

w
 

a a a 

~
 

a a a 

(
J
l 

a a o 

O
'l

 
o a a 

-..
..J

 
<

.:
) 

a o 

co
 

o o o 

~
 

o o o 



--
(j!. - PEAK SH!FT DUE TO HARD TRANSITION EFFECT 

I r Ef 2 • f 0 - f B JlI t 
' , I' I 1 JI Pi2'fO-fBJ=2'i2'fO-fBJ"j'i E[fO I L - L l ' I Pl f 0 J 

Where P(f) denotes the intensity of a spectral peak at 
frequency f. 
E(f) denotes the amplitude of the Fourier Transform 
of the the easy transition waveform at frequency f 
and t is the hard transition peak shift in time. 

+-~ (fjl/v/(f) [ 50 0 -, 

f' 2. -5; --fe J 

gV~ ~ l-r'""--' 

c. Tsang, Y. Tang, wAn experiJlental study of hard 
transition peakshifts through the overwrite spectra.-, 
IEEE Trans. llagn., JlAG-24, 6 (1988). 



PEAK mrr OOE IJ'O HARD 'l'RAIsm(l EFm:T 

ligoritbl: 

1. Write low frequency CV !b. 

2. !ben write high frequency fd. 

3. Measure spectral peaks 

overwrite parueter 00> = 

PI2 0 fD -fB 1 
OWP= L J 

P[ f D ] 

4. Measure spectral ratio RO 

Ei 2·f D - f B 1 
RO = • J 

E[ f D ] 

_ f D ° v[ 2·f D - f B ] 

• - i- 2' f D - f B J VI f D 1 
L L J 

5. Ionalize 00> to relOVe effect of bead disk resolution 

OWQ=OWP 
RO 

6. Bard transition peak shift t 

r 500 1 
t= OWQoU 2' f D -fB J 

where t is in DaD06eCOnds "fD and fB are in MHz. 

c. !sang, Yo tang, 'An exper.illental study of hard 
transition peaksbifts tbrougb the overwrite spectra.', 
IEEE trans.Magn., MAG-24, 6 (1988). 



IV INTERTRACK INTERFERENCE 

ITI IS ONE OF THE MAIN CAUSES OF TIMING 
ERROR. 

ITI CONTRIBUTION TO TIMING ERROR IS EMBEDDED 
IN THE PHASE MARGIN PLOT. 

DSP TECHNIQUE CAN BE USED TO MEASURE TRACK 
MISREGISTRATION. 

TECHNIQUE CAN BE FURTHER MODIFIED TO PROVIDE 
TIMING ERROR DUE TO INTERTRACK INTERFERENCE. 

T . J . Chainer et al," A technique 
of track misregistration in 
presented at MMM- Intermag 
Pennsylvania, 1991. 

for the measurement 
disk file,n paper 

Conf. Pittsburg, 



4_ PHASE MARGIN CIRCUIT DESIGN & 
ANALYSIS 

(A) FILTER DESIGN 

NOISE MINIMIZATION 

PRESERVE WAVE SHAPE 

CONSTANT GROUP DELAY 

LINEAR PHASE 

CORRECT ERRORS INTRODUCED B~ THE NON-IDEAL 
PHASE CHARACTERISTICS OF INPUT READ HEAD 

PROGRAMMABLE TRACKING FILTER 
( ONLY IF SNR BETTER THAN 60 DB) 

DSP TO ANALYZE NON-ID~AL PHASE 
CHA.R.ACTERISTICS 

HIGH SPEED ADC 

DIGITAL SIGNAL PROCESSING 
-FFT, CONVOLUTION etc 

I 

DIGITAL FILTER DESIGN FOR ANALYSIS 



(8) DIFFERENTIATOR DESIGN 

THE DIFFERENTIATOR OUTPUT CHANGES STATE WHEN THE 

INPUT PULSE CHANGES DIRECTION. NORMALLY THIS WILL BE AT THE 

PEAKS. BUT THE DIFFERENTIA TOR CAN ALSO RESPOND TO NOISE NEAR' 

THE BASELINE UNLESS THRESHOLD OR GATING CIRCUIT IS 

IMPLEMENTED. 

( AMPLITUDE COMPARATOR CIRCUIT, ENABLING THE DIGITIZING 
COMPARATOR CAN BE USED AS GATING CIRCUIT. ) 

TYPES OF DIFFERENTIATOR 

1. RC DIFFERENTIATOR 

- SIMPLE 

- PHASE DISTORTION 

- SNR DEGRADATION 

2. GL DIFFERENTIATOR 

- SNR DEGRADATION 

3. DELAY LINE DEFFERENTIATOR 

I?. 

v; (+) ( ')' oJ T ..L II,JJ.~ I 'YJ..2 

Y..P) = - V It) : - R. c dV,(f) 
~ 

'fl'~ 8-1 /2(. {)Ijf~!tcldl. 
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DELAY LINE DIFFERENTIATOR 

Vo= A-Vi·sin(w·(t+td)) -A,vi·sin(w·t) 

. . r td I r r td]] VO= 2'A'Vl'sln' w·-·cos W"lt--l 2 J l 2 

r r td l 
VO·= I·cos. w·! t-- , 

I I 2! 
... ~ .J 

llbere . . r td] I= 2'A'Vl'Slnl w'2 

I will have the peak value when 

W = 1. 

or 

td 

f= O.S 
td 

ihere vi = input voltage 
Vo = output voltage 

A = Gain 
td = delay 

f = cut off frequency of the differentiator 
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Pirn = FF Del~y Une :: f,OnS 
Tap #1 #2 #3 

0. .. "" J..:1 a R t:: 0 k R 
i \..,.11 -. I ,,- ... ... ..... .... w 

Run ;'2 B.B 7.0 5.8 
Run;3 8.6 70 0.0 

#.1, 
;:.: Q:; 
V.t...I ! 

5.B 
5.6 

Run;:;4 6.6 6.9 0.0 5.9 
, Dei;:!v (nSI i8.0 30.0 48.0 (,0.0: 

I •• ~ ___ -
I"lYIJIO_uIJ 

0., .,r. 
U.I t.u 5.9 5JJ 

Stdev 0.1 0.1 0.1 0.1; 
:-". . ..... ." " . . . ... , .. ..... .-.-::.:j 

Ptrn = l2.7} [}e!~.'r· Une = 6DnS 
Tap 

Run ;-i 
Run =-2 
Rlln '::3 
~;'.P"'!: ";'J. 
r .. :..~~; ,- At 

[)el3.Y (!IS) 

Aver&.Qe 
Stdev 

'Fitm = FF 
Delay InS) 

10 
IU 

30 
48 
;::.n ... '\..' 
GO 
~" Clli 

1QO 

#1 #2 
11.6 i 1.6 
11.8 11.9 
12.0 11.7 
11.9 11.6 
~ 8. 0 30.0 

11.6 11.7 
0.2 0.1 

#3 
13.1 

.1 
1 .2 
1 '=' ~. . ,j _ .J 

48.0 
13.2 

n 1 
\I. ! 

.A 1>.$ 
R' !J.t :5" 
7.1 If·a 
5.9 _ ~ . .l 
c.-I· ,):{: =1·3 
5.8: ,. , 
.- '"' 0_,:) 

5.4 

#.1, i 

14.6 
14.9 
15.0 
1 A 0 
I~.U 

60.0: 
i ,(.9 1 

0.1 i 

'C:ode = (2. 7) HF = 5Mhz 
Ptrn = FF De!::;y Line = 100nf, 

Tap #1 #2 #3 #J, 
Run;;1 7.1 6.6 t!.2 5.5 
Run;it2 7.3 G.7 5.3 5.3 
Run #3 7.3 6.8 5.3 5.5 
R.un #4 7.3 6.0 5.4 5.3 

Delay (n::;i 30.0 50.0 BO.O 100.0 
Avei8.ge 7.3 6.75,3 5.4 

Stdev o. 1 0.1 0[1 0.1 
F-: '-'~'-.:.~.:.: .. > ::> ···:~:~~~~:~::7~:·::::::> .. .-.::::.:< ::::.::::::::::::::-:: .. .-.:.: .. ':::::::: :'-:-'.:. ::."::::~ 

:ptr:t = (2. De!~.)' LIne = 1 DOnS 
Tap 

Run #1 
Run ;:2 

Run~3 

F~ur. .t4 
iiRI", •• fl·' C'.\ 
.... _'!-'.'_.~ t !,_o .. 

AversQe 
Stdev 

'Prrn = {2.7) 
Delay (nS) 

#1 
11.9 
11.9 
12.2 
1;,., it 
:~.6.t 

30.0 
12.1 
0.2 

i 0 11 V' 
lU l.U; 

30 11.9 i 

48 13.2: 
50 14.01 
60 H.9! 
nl""l :.:.>:-:.:.:.::.:.:-:.:~ 

0\..' ::::::::<::::::::::::-j 
1 nn :::-:::::>:::::::::i ......... .-............. : .-.".~ 

#2 #l #.1, 
0(..... M \}}::::/_:_)::-: :::::j '.).0 ::::::: 

13.9 
14_2 ... 
14. i--:r : 
50.0 SG.G 100.01 
i 4. 0 #### ####! 

£}.2 #### J:;t;##; 
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(C) PHASE LOCK LOOE DESIGN 

DESIGN PARAMETERS 

1. VCO Gain (Ko) 

For MC1648 at VCO center frequency 128 MHz 

2. Phase Detector Gain (Kd) 

For MC12040 Phase Detector 

Kd = 1/2 Ti * A * ( Voh - Vol) Volts / Rad 

where A = Signal attenuation 

Voh = -1.8 V 

Vol = -0.9 V 

PROGRAMMABLE GAIN CONTROL IS MOST! SUITABLE FOR TEST 
EQUIPMENT. 

3. Loop Gain (K) 

K = Ko * Kd / N / Sec I 

where N is frequency division ratio. 

4. PLL Bandwidth (OW) &: Da:aping Fa¢tor (f) 

For linear continuous second order system 

Bandwidth BW = fo = 2 ~ f 

== 2 ~ Wn / 2; 

where 
fo == Open loop unityl gain cross over 

frequency. . 
fn == Close loop Natural frequency 

~ == Closed loop Damping Factor 



" 

Notes: 1. Normally high frequency operation 
critical and difficult to optimize. 
the system for high and verify 
frequency. 

is more 
Optimize 
at low 

2. For Test equipment design low PLL jitter or 
noise is more important rather than quick 
response. Hence Damping Factor should be fairly 
large approx equal to 3. ' 

3. Good approximation for BW = 50 KHz 

5. PLL Transfer Function 

G (S) = K * F(S) / S 

where F( S) = Transfer function of 
loop filter. 

1 / S = VCO act as integrator 

Normally pole frequency should be much higher than 
BW or fOe Loop filter can be active or passive, but 
IT IS BE'I-l"ER. TO HAVE SELECTABLE LOOP FILTERS. 

6. FREQUENCY CONTROL LOOP 

Contribution of VCO jitter to PLL noise is more than 
any other components. A pretune DAC is used to tune the 
VCO to the required frequency with enough resolution for 
PLL to acquire lock easily. To reduce the vco phase noise 
one or more frequency control loops can be placed around 
the VCo. 



5. SAMPLE VS 
TESTING 

PHAS'E MARGIN 

Sample Margin Test Technique ( ~ ) is logical 

extention to DSP technique. 

- High speed ADC with DSP processbr will suppleaent 

SMTT. 

- SMTT with DSP can produce 

- Bar Graph 

- Gaussian curve 

- SMTT more sui table for higher frequency and easier 

to illlpleaent. 



INSTRUMENTATION BASED TEST SYSTEM 

... :.. ... ;.. ... ~ ... ~ 

-: '?' '" '?' '" 
,.. 

VXI INTERFACE VXI INTERFACE VXI INTERFACE 
58030 9ffrJJ.f3-P 'W~rP BASED 
SBC DSP UNIT AWG 

GPIa INTERFACE ADC UNIT IN/OUT UNIT 
... :.. i VXI INT:RFACE 'I" 

~ R/W ~ 
-: '?' 

GPIa INTERFACE 

"SPARC 
SYSTEM I 

I 
1.NETWORK I 
2.RDaDTIC INTERFACE 

1 
S.TAA MEASUREMENT 
2.RESDLUTION 
3.0VERWRITE 
".PULSE WIDTH 

CONTROL 
UNIT ---, 
i ... :.. 

I 
I 

I -: '?' 

PREAMP UNIT 

I ; 
I ; 

I ! 
~ i 

1 . PREAMP CONTROL i 
2.VARIABLE CURRENT i 
3.SECTOR R/W ! 
... SEQUENCE CONTROL ! 

Y 

X HI Ie; 

... ~ 

-: ,.. 
VXI INTERFACE 

~rf 
TIA UNIT 

IN/OUT UNIT 

i 
i 
i 
I 
! 

I 
I 
i 

~ . 
! 

1.PM AN;:'LYSIS 
2.TIA 
3.TR"'NSITION 

.JITTER ANALYSIS 
· ... WINDOW MARGIN 

" r "- ;>- <r 
'" '7 '" '7 

VXI INTERFACE VXI INTERFACE 

_bCJ~f¥ ~f3NOI3TO 
ASP UNIT DSP lNIT 

.. OTION CONTROL 
IN/OUT UNIT IN/OUT UNIT 

! 
/ :r :r 

PINDL~I I ACTUA TORI ! MOTOR MOTOR 

I DRIVER ORIVERS 

f I LASER I , ALIGNMENT 

j 
UNIT 

.. '? 1.MOTION CONTROL 
I VX NTE RFA;e I 

l!~t~~~t~EI 

; 
y !!I. ASYMMETRY 

8.UNDER/OVERSHDOT 
7.FREQ RESPONSE 
a.WAvE SHAPE 

I.FREOUENCY 
SYNTHESIZER 

2.PATTERN GEN 

i.SURFACE ANALVSIS 
2.NOISE MEASUREMENT 

ANALYSIS 
9.SPECTRUM ANALYSIS 

10.SECONDARY PULSE 
ANALYSIS 

1t.HARMONIC DISTORTION 
ANALYSIS 

12.TR"'NSITIDN NOISE 
MEASUREMENT 

13;CNR 

3 .... RBITRARV 
WAVEFORM GEN 

CAMBRIAN SYSTEM 
INSTRUMENTATION BASED 

TEST SYSTEM BLOCK Dl ... G 
AVTAR SINGH I 12. 



ELECTRONIC FUNCTION 
INTEGRATION 

Steve Dines 

Cirrus Logic 

" ~ 
lIT ID 1t11U1 v ~/RRUS LOGIC 

AGENDA 

• Integration environment 

• Why doe. DSP Impact 
Integration 

• Packaging & Teat l88Ue. 

• Integration Scenarios 

:n1D1__ aIRRUSLOG/C 
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SYNCHRONOUS CHANNELS 
ANP INTEGRATION 

• highly tuned analog -> analog front end 
+ digital algorithms => CMOS 

• Force to CMOS paves the way for 
Integration with other logic elements 

• Scalability of digital vs analog 

• Flexibility gains ensure cuatomer value 
added 

~I P~Wi '1 

t-p 

ChO{ ro5-; 
"W 
100% 

i141!-bJprv 

(J.{:. 

~o~ 

P Jp 10 

alRRUSLOGIC 

SYNCHRONOUS CHANNEL 
INTEGRATION BENEFITS 

• Space reduction 

• Power deduction 

• Pln-out reduction 

alRRUSLOGJC 



plGITAL SERVO 
ANP INTEGRATION 

• Servo becomes logic element plus analog periphery 
(A to D and D to A) 

• Easler to Integrate 

,., ~ 
lIT III ,_ 1/ ~1RRUSLOGIC 

piGITAL SERVO 
INTEGRATION BENEFITS 

• Integrated servo Is an areal capacity argument 

Integrated header - avoid repeating track 
Info In data fields and servo fields 
5% benefit (linear only) 

o Eases pseudo-aector mark generation 

o More Integrated power management 

o Servo la becoming mora hardware path - flta better with data channel 

o Totally concurrent servo processing 
- no Interdependence between micro and servo engine 

o Preserve. commodity micro benefits 

o Removea major complexity from ASIC ~ 

\ ~uru~~ 
lIT 111'_ 1DI 



OPTIMIZEP SERVO PROCESSING 

• Servo engine targeted at magnetic disk head control 

• Key hardware modules added 

• Reduces code • space 
• time 
• engineering effort 

• Overkill avoidance· eg sub 100ns multiplies 
not needed for typical sample rates 

.ral1111 ..... 111 

FLEXIBILITY 

• How do electronics suppliers ensure customer flexibility 
In the face of ever Increasing Integration 

• Synchronous channels provide digital flexibility 

• Digitally based servo allows user to Implement his servo 
approach 

LOGIC 

.r1D1tt1M111t alRRUSLOGIC 
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pACKAGING & TEST ISSUES 

• Integration should match packaging 

• Relationship to form factor 

• Die considerations 

'o8. FIf' 

,IOCFP 
28mmX2lmm 

," VQIIP 
211mmX2lmm 

,ODVQIIP 
14mmX14mm 

o.eo mm jIItch 

1.8" AND QEP 

LOGIC 

alRRUSLOGIC 
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INTEGRATION SCENARIO #1 

HOA PCB 

MCK -
-DoMr 

CHANNEl. 

C/'10) 

CONTROLLER 

P_ eoIIImadlly ..aunt 01 mICro 

• 8ervoIII .. CIIanMllntlgllltlOn ....nta 

CIIQ8 or 8ICM08 elllllnel ? 

~USLOGIC 

INTEGRATION SCENARIO #2 

HOA PCB 

CHANNEL 
CONTROU.ER 

• "'-IftIIIIta commodity --

• 0WIIdII of ...... DIP 

SRRUSLOGIC 
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'" 

~ , . , 

INTEGRATION SCENARIO #3 

HOA 

h 
BACK -

PCB 

-on-

CHANNEL 

Pin out 

• o.veIcIpIMnt tooIa 

IlERVO 
PIIOC 

CONTROLLER 

traenwnted product line 

alRRUSLOGIC 

INTEGRATION SCENARIO #4 
HOA PCB 

Mel( -

~ 

CON'TROLUiR 

• CII08 or IICM08 TedllIOIogy? 

• mIad elgnal __ 

AT 

AT 

\ ~ _1111__ ~/RRUSLOGIC 



~ 

INTEGRATION SCENARIO #5 

HOA PCB 

Mel( -

CHANNEL 

SEA1IO 
PAOC 

CONTROU.ER 

• 81l1li" chip 8llbe)'ltem 

IectInOloQy 

.., ~ 
lIT 101liliiii DI ~IRRUS LOGIC 

SUMMARY 

• Buyer must beware 

• Most cost efficient vehicle for transistor 
delivery 

• Underatand your commodity benefit. 

• exploit the digital drivel 

AT 

.., ~ 
lIT 10 ,_ MI ~USLOG/C 
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