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ABSTRACT 

A hardware system for investigating Intersymbol Interference (ISI) in an optical 

data storage system has been designed and constructed by the author. The system 

consists of a pattern generator which produces data patterns of variable lengths 

and bit rates to be recorded on the optical disk. Data marks of the readback signal 

are quantized by a high-speed clock-counter system, and transferred in parallel to 

a personal computer. SNR values for collected data are obtained by computing 

mark size deviations of the readback signal from the original marks. A pseudo

random pattern of 31 bits is used for calculating SNR values for different spot 

sizes. Finally, Additive Interleaving Detection (AID) technique is implemented to 

compute another set of SNR values. 3 to 5 dB SNR improvements are observed 

when the AID technique is used. 
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CHAPTER 1 

Introduction 

Optical data storage has become increasingly important in the past few 

years. A major application for optical storage is the secondary storage of infor

mation. In this sense, optical data storage is considered a suitable replacement 

for magnetic hard disks and storage tapes. Some of the advantages of optical disk 

systems over conventional magnetic disks include higher data storage density and 

removability of optical disks [l]. Another strength is that optical disks can sup

port read-only, write-once-read-many (WORM), and erasable/rewritable modes of 

data storage all in one unit [1],[2]. A major drawback of optical storage systems 

is longer access times. This problem is largely due to the heavy head mass (~ 

100 grams) compared to the light-weight head (5 to 10 grams) for magnetic disk 

systems [1]. 

In this thesis, an erasable/rewritable Magneto-Optical (M-O) disk system 

is used. The basic principles involved in recording, erasure, and read out of the 

signals in M-0 systems can be understood as follows. Recording on a Magneto-

Optical (M-O) disk takes place by heating the M-0 medium and cooling it down 

in the presence of an external magnetic field. Fig. l.i illustrates the recording 

process. The coercivity of the M-0 material disappears when its temperature is 

raised above the Curie Temperature, Tcur:e, of the medium. The heat required for 

this process is produced by a laser beam focused on the M-0 thin film. As a result, 

the region that is heated above Tcurie loses its previous magnetization. When the 

laser beam is turned off, this region cools back to the room temperature in the 

presence of a residual magnetic field. This field is usually supplied by an external 



10 

RECORDING 
LASER BEAM 

UP MAGNETIZATION 

\ 
\ 
s 
\ 
\ / 

/ 
/ 

/ 

i i r * ~ f l f [ [ 1 1 1 ( I  l l l U f  i i 

M-O 
THIN FILM 

( 

•' 

EXTERNAL 
DC MAGNETIC 
BIAS HELD 

RECORDED MARK 

(DOWN MAGNETIZATION) 

Figure 1.1: Magneto-Optic Recording. 

bias magnet and it determines the new magnetization of the region. Erasure is 

done in a similar fashion except the external magnetic field is applied in the reverse 

direction. 

Signal readback is performed optically using the Kerr or Faraday effects 

[1]. When an incident polarized laser beam is reflected by the magnetized medium, 

the reflected beam has an angle rotation in its polarization. The direction of this 

rotation depends on the magnetic polarization of the medium. Therefore, if the 

magnetized domains of the M-0 film are reversed in polarity, the so-called Kerr 

angle is also reversed in direction. Detection of this angle in the readback process, 

leads to the recovery of the stored data bits. 
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1.1 Signal Processing and ISI Considerations 

Higher storage densities in optical recording are often achieved by using 

modulation codes to store data. bits. Modulation codes are used to map input 

binary bits to specific data patterns that are actually recorded. To fully understand 

their advantage, one can consider the following example. If a traditional NRZI code 

is used, data marks can only be integer multiples of the minimum mark size, rf0, 

which corresponds to one bit. On the other hand, if a Run-Length-Limited code 

such as the so-called (2, 7). code is used, the minimum mark size, do, corresponds 

to 2+1 encoded bits. In other words, 3 encoded bits can be stored in the given 

minimum mark size. Therefore, the storage density is tripled. By including the 

coding inefficiency of 50%, the actual capacity is 1.5 times that of NRZI [3][4], 

After the information bits are encoded, they are ready to be recorded 

on the optical disk. The process of recording, described in the previous section, 

introduces various noise elements in the recorded signal. These elements can alter 

the recorded marks so that the readback signal may be completely different from 

the original signal. Some of the noise introduced in this process is due to optical and 

media noise, laser power and beam width fluctuations, servo speed fluctuations, 

and Intersymbol Interference (ISI) [5]. 

ISI may contain two components. One is the ISI due to neighboring marks 

(traditional). In this case, only the two adjacent neighbors are considered and the 

ISI contributions from the remaining marks are assumed to be negligible. The 

second factor is the ISI due to the mark size itself, which is called pulse broadening 

(or shrinking) [6]. This combined ISI can significantly degrade the recorded signal 

and result in high error detection probabilities. Therefore, it is important to be 

able to characterize ISI in a M-0 recording channel and use effective methods to 

reduce its adverse effects. 
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1.2 Organization of This Thesis 

In order to investigate ISI, mark sizes of the readback signal must be 

detected and compared to the original marks. Peak detection techniques are tradi

tionally used to determine the boundaries of a mark by generating two derivatives 

of the readback signal and detecting the zero-crossings of the second derivative [3]. 

Once boundaries are detected, mark sizes can be determined either by the 

traditional time window techniques [7],[8],[9], or by the time quantization method 

proposed in [5]. In the later technique, time marks are quantized to produce 

integer numbers proportional to duration of the marks. This quantization is ac

complished by means of a high-speed clock-counter combination which is reset at 

every mark boundary. Therefore, time marks are converted into amplitude marks 

in this process. One of the advantages of time-mark quantization is that simple sig

nal processing techniques can be used in subsequent steps to recover the recorded 

signal. 

The remainder of this thesis examines hardware implementation for the 

scheme described above. Fig. 1.2 shows a block diagram of different stages involved 

in this process. Chapter 2 discusses how different data patterns are generated and 

recorded on the optical disk. In Chapter 3, peak detection circuitry is described 

in detail. This peak detection technique is a variation of the method described 

above. Chapter 4 describes the quantization process and the components involved 

in performing this task. In Chapter 5, some experimental results are discussed 

and Signal-to-Noise-Ratio (SNR) computations are performed on collected data. 

In addition, Additive Interleaving Detection (AID) of marks is presented and SNR 

values are compared to conventional SNRs. Finally, Chapter 6 presents the con

clusion and discussion of some of the relevant issues. Appendices A and B provide 

detailed pin diagrams of digital logic circuits and some computer programs which 

are used for data acquisition. 
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Figure 1.2: Block Diagram of Mark Size Detection. 
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CHAPTER 2 

Data Pattern Generation 

The first step in ISI investigation is to generate various data patterns 

and record them on the optical disk. This requires a flexible pattern generator 

capable of producing variable length data patterns with adjustable mark sizes. A 

powerful pattern generation scheme can be realized by a combination of software 

and hardware implementations. The basic idea is to write a computer program to 

generate an arbitrary number of zeros and ones on a personal computer. These 

numbers are then transferred to a static RAM on the PC's interface board. The 

stored pattern is recorded on the optical disk as a continuous signal by means of an 

external clock. Fig. 2.1 shows a block diagram of this operation. A more detailed 

diagram of pattern generation and storage circuitry is shown in Appendix A. 

2.1 Pattern Generation 

A BASIC program is written to generate a sequence of zeros and ones. 

In order to transfer this pattern to the RAM, the cycle generator and external 

clock of Fig. 2.1 must be disconnected from the system. Dip switches on the 

interface board accomplish this task (SW2, SW3 off, SW1 on). The decoder output 

signal is used to increment the RAM address counter every time a byte of data is 

transferred. The computer transfers the data pattern into consecutive locations of 

the RAM. It should be noted that an I/O WRITE transfers 8 bits of data to the 

I/O port. However, only the least significant bit is used for recording purposes and 
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the remaining bits are discarded. A BASIC program used to generate a pseudo

random pattern is included in Appendix A. 

2.1.1 Address Decoder 

The IBM PC XT has 20 address lines on its I/O bus (AO — A19). In the 

decoder design, only the first 10 lines are utilized. Therefore, any combination of 

A10 — A19 would access the I/O ports specified by the lower address lines. This 

is called redundant addressing and is similar to the I/O address decoding scheme 

used on the PC system board [16]. This saves extra circuitry required to decode 

the higher address lines. The I/O addresses 3.E8 — 3EF were selected for the 

pattern generator and the quantizer system described in Chapter 4. Consulting 

the IBM Technica.1 Manual reveals that these addresses are not used by standard-

devices in the PC, and can be used for external interface devices [17]. 

FROM I/O BUS 

OUTPUT 7430 
NAND 

Gl> 
zs> 

Figure 2.2: Pattern Generator Decoding. 

The 8-input 7430 NAND gate, shown in Fig. 2.2, is used for decoding 

the I/O address lines. Output of the NAND gate is always high unless one of 

8 addresses in the range 3£8 — 3EF is selected by an I/O READ or WRITE 

command. The Address Enable ( A E N )  line is used to disable the decoder system 

during a Direct Memory Access (DMA) transfer. This line is normally low and it 
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becomes high to allow a DMA transfer. Addresses 3E A  and S E E  may be used to 

access the static RAM of the pattern generator. The remaining 6 addresses are 

reserved for the quantizer circuitry of Chapter 4. The decoding scheme for the 

quantizer is more complex and requires additional circuitry. These modifications 

are discussed in Sec. 4.4.1. 

2.2 Pattern Regeneration and Recording 

Once the data bits are stored in the static RAM, it is necessary to record 

them as a continuous signal on the optical disk. The external clock and the cycle 

generator perform this task. First, the address decoder must be disconnected from 

the system since computer interaction is not required at this stage (SW2, SW3 on, 

SWl off). An Hp 81131A Pulse Generator is used as the external clock. The clock 

rate can be varied as necessary to to generate different bit rates. 

The Cycle Generator of Fig. 2.3 determines the length of the recorded 

pattern (in bits).. The desired length is selected by 15 dip switches located on 

the interface board. Depending on the state of these switches (either a '0' or a 

'1'), any cycle up to 21S — 1 = 32767 bits can be selected. A 15-bit comparator 

continually compares the counter output lines to this value. Whenever the two 

numbers match, a narrow pulse is generated and the counter is reset to zero. As a 

result, the address counter periodically counts from zero and terminates the count 

when its output has reached the number selected by the dip switches. This cyclic 

action is continued as long as the external clock is operating. At the same time, 

the RAM output and its buffer are enabled and the data pattern is recorded on 

the optical disk. Recording is done by a Nakamichi optical disk at a write power of 

5.0 mw, read power of 1.8 mw, constant linear velocity of 4 m/s, with a diffraction 

limit  of 1 f im. 
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CHAPTER 3 

Peak Detection 

ISI introduced in the recorded signal can be measured by determining the 

mark sizes ot' the readback signal and comparing them to the original marks. In 

this chapter, mark sizes are estimated by detecting the boundaries of adjacent 

marks. The time interval between two such boundary signals would correspond to 

the mark size of the readback signal. 

3.1 Boundary Detection 

Boundary detection is often performed by finding the first and second 

derivatives of the readback signal. The zero crossings of the second derivative 

would then indicate the boundaries of neighboring marks. The above detection 

method requires two analog differentiations. Implementing this idea in hardware is 

quite challenging when narrow marks are being processed. An alternative detection 

method was used throughout this project. Fig. 3.1 illustrates the modified peak 

detection technique. In this process, the readback signal is differentiated once, and 

the peaks of the first derivative are used for estimating the boundary locations. 

Two threshold detectors are used to produce narrow pulses corresponding to the 

peaks of the differentiated signal. Fig. 3.2 shows a block diagram of peak detection. 
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3.1.1 Lowpass Filtering 

Lowpass filters are used to reduce excessive high frequency noise in the 

detector system. As depicted in Fig. 3.2, lowpass filtering is done at two stages in 

the peak detection process. A second order lovvpass filter is used before differenti

ation and a fourth order lowpass filter is used after differentiation of the readback 

signal. Fig. 3.3 shows a schematic of a second order lowpass filter. Implementation 

of the fourth order filter is accomplished by cascading two second order filters. The 

transfer function for the second order filter is given by 

Vout(s) K/R1R2C2C4 
(3.1) 

V i n(s) s2  + s(l/R3C, + 1 /RtCt + 1 /R3C2 -  K/R3C<) + l/R lR3C2C4  

where 

(3.2) 

The cutoff frequency of this filter is 

1 
(3.3) 

Wn VRiR3C2C4' 
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The quality factor, Q, is determined by 

Q 
1 

(3-4) 

The design procedure for the lowpass filter is given in various textbooks 

[10],[11],[12]. The cutoff frequency of the filter was selected to eliminate high 

frequency noise components without compromising the integrity of the desired 

signal. Phase delay introduced in the signal was also kept to a minimum. In order 

to select a suitable cutoff frequency, the power spectrum of the readback waveform 

was obtained. This was accomplished by sampling the waveform with a digitizing 

oscilloscope, and transferring the data points to a personal computer [13]. The 

power spectrum of the waveform with smallest spot size (0.8ftm) indicated that 

there are no frequency components above ~ IbQKHz. Consequently, a cutoff 

frequency of about 7MHz was selected. The phase associated with this filter would 

start its rolloff at about one decade below the cutoff frequency (750KHz). As a 

result, frequency components of the desired signal would undergo a very small or 

zero phase shift. 

The DC gain, K, of the filter was chosen as close to unity as possible. To 

simplify the design procedure, an Equal-Resistance Equal-Capacitance network was 

used where C\ = C? and R\ = R3. The values obtained for various elements are 

listed in Fig. 3.4. The results of circuit simulation on MICROCAP are shown in 

Figures 3.5 and 3.6. These figures show magnitude and phase plots for the second 

order and fourth order lowpass filters. The results indicate desired amplitude and 

phase behavior at the frequencies of interest. 
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Figure 3.4: Component Values for Lowpass Filter. 
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3.1.2 Differentiation 

An ideal differentiator produces an output which is precisely proportional 

to the derivative of its input signal. The basic circuit requires only an op amp 

plus Ci and Rj shown in Fig. 3.7.a. A practical differentiator, however, requires 

additional components to reduce noise and instability inherent in the basic differ

entiator circuit. The addition of Hi and C/ provides a 20 dB/dec rolloff at high 

frequencies. Rp is added to cancel the effects of the op amp input bias current and 

Cp is required to bypass the thermal noise of Rv to ground. A detailed discussion 

of various elements and their effects on differentiation is discussed in [12]. Fig. 

3.7.b shows frequency response curves for the differentiator. The Gain Bandwidth 

Product (GBP) of the opamp used in this design is 75MHz. Therefore, the closed 

loop gain of the differentiator is not limited by the opamp GBP. 

Equations 3.4-3.7 describe the 

and cutoff frequencies depicted in Fig. 

h = 

fcp2 

The overall transfer function of the differentiator is given by 

Kmt(s) sRjCi . . 
V-n(s) (1 + sR lC l)( l  + aCfR,)' {  '  

From Eq. 3.7 and Fig. 3.7.b it is evident that differentiation occurs for the fre

quencies below fcpi. Beyond this frequency the circuit acts as an amplifier with 

progressively lower gain at higher frequencies. Thus, high frequency noise is con

siderably reduced at the output of the differentiator. The negative sign in front of 

the transfer function indicates that the differentiator output is inverted. 

relationships between different components 

3.7.b. 

2nRjC\ ^3,5) 

• 5!Wi (3'6) 

• why <"> 
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tiator. 
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R1 5.6K 

Rf 10K 

rp 10K 

cp 5pF 

Ci 15pF 

ct 2.5pF 

'd 1MHz 

fcp1 1.9MHz 

fcp2 6.4MHz 

Figure 3.8: Component Values for Differentiator. 

fcp 1 was selected so that the frequency content of the readback signal 

(0.8jam minimum mark width) falls within the useful region of differentiation. The 

frequency contents were determined by obtaining the power spectrum of the signal 

as mentioned in Sec. 3.1.1. fcp\ was selected in this manner.to be 1.8MHz. Jd and 

fcp2 were chosen to be 1MHz and 6.4MHz, respectively. Simulation results for this 

differentiator are shown in Fig. 3.9. Component values for this design are given in 

Fig. 3.8. 

3.1.3 Threshold Detection 

Differentiation of the readback signal produces sharp spikes corresponding 

to the boudaries of data marks. Due to the inverting nature of this differentiator, 

a negative spike corresponds to the rising edge and a positive spike corresponds 
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to a falling edge of a data mark. The conventional method for detecting the 

boudaries would be to find the second derivative and determine the zero-crossings 

corresponding to the spikes. A major problem would arise if the above approach 

were used. Each analog differentiation is accompanied by a considerable amount 

of noise and finding the proper zero-crossing could be extremely difficult. 

O VW— + 

R p Comparator 

Figure 3.10: Threshold Detector. 

An easier way of determining the boudaries of adjacent marks is to detect 

the peaks of the first derivative. As shown in Fig. 3.2, two threshold detectors can 

be used to detect positive and negative peaks of the spikes. Threshold detectors 

produce a "high" output whenever their inputs exceed a preset voltage level. A 

schematic of a peak detector is shown in Fig. 3.10. When V{ is greater than Vr, 

V0 approaches the positive rail voltage which is 5V. A negative threshold detector 

operates in a similar fashion except Vr and Vi are interchanged and VR is set to 

a negative voltage. In order to minimize the effects of the input bias current and 

the input offset current of the comparator, Rp and R\ are selected to be equal. 

i?2 is not essential in the operation of the comparator, but proved to be useful in 

suppressing noise. A detailed design outline for the threshold detector is given in 

[12]. 

The outputs of the level detectors, as shown in Fig. 3.2, were 'OR'ed 

together to obtain a train of narrow pulses which correspond to transition regions 

of the readback signal. Unfortunately, this signal did not yield consistent results 

when it was used to trigger the quantizer board. Consequently, another threshold 
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stage was added. A threshold voltage of about 3 volts was selected to eliminate all 

low amplitude noise components which may be present in the signal. As a result, 

the output of the final threshold detector contained narrow pulses with amplitudes 

of 3 volts or higher. This signal produced satisfactory results when applied to the 

quantizer circuitry. Figures 3.11 and 3.12 show the actual readback signals for 

2fim and 1 /im spot sizes. The first derivative and the threshold detector output 

are also included in the figures. 

This detection method has two drawbacks. First, it is necessary to visually 

inspect the differentiator output to determine appropriate threshold levels. Second, 

narrow pulses produced by the detector system do not precisely correspond to the 

peaks of the differentiated signal. On the other hand, they do provide a reasonable 

approximation of the peak locations. In Chapter 6, the experimental results nre 

analyzed and the effects of this approximation are further discussed. 
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Figure 3.11: Readback Signal, Threshold Detector Output and Inverted First 

Derivative (2fxm spotsize). 
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Figure 3.12: Readback Signal, Threshold Detector Output and Inverted First 

Derivative (1 fim spotsize). 
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CHAPTER 4 

Time-Interval Quantizer 

4.1 Basic Operation 

Peak detection circuitry produces narrow rectangular pulses which corre

spond to positive and negative transitions in the readback signal. The separation 

between two such pulses is measured by the quantizer. Fig. 4.1 shows an overview 

of the quantizer operation. A 100 MHz clock is used to operate a 16-bit counter. 

Upon arrival of a pulse from the peak detection circuitry, the output of the counter 

is stored in a static RAM and the counter is reset to zero. Thus, the numbers that 

are stored in the RAM correspond to the interval between two adjacent pulses. 

The contents of the RAM are then transferred to a personal computer and further 

analyzed to compute the mark widths of the original data. 

Proper timing of the reset signal is essential for obtaining valid results for 

this type of time-interval quantization. A more rigorous discussion of this topic is 

presented in Sec. 4.3. A detailed description of the digital logic circuits along with 

pin connections are given in Appendix B. In the following section, the design and 

operation of the 100 MHz clock is discussed. 
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TO PC 16 BITS 
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100 MHZ 
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RESET PULSE 
FROM PEAK DETECTOR 

Figure 4.1: Time-Interval Quantizer. 

4.2 100 MHz Clock 

4.2.1 Design 

The circuit to generate the 100 MHz clock is shown in Fig. 4.2.a. In 

order to produce sustained oscillations, a 100 MHz overtone crystal is placed in 

the feedback loop of a MClOlOl OR/NOR gate. This ECL NOR gate acts as 

an amplifier capable of producing 360 degrees phase shift from input to output. 

Fig. 4.2.b shows a schematic of an emitter-coupled logic OR/NOR gate [14]. In 

this figure only one input is shown to demonstrate the operation of the logic gate 

as an amplifier. All unused inputs must be kept at a logic level "low" which is 

-5.2 volts in ECL logic. The basic circuit of Fig. 4.2.b consists of a differential 

amplifier followed by two emitter-follower stages on either output. Vrej is generated 

internally and is set to the midpoint of the signal logic swing. For the ECL 10,000 

family this bias voltage is —1.29 volts. Small excursions of the input around V re/ 

are amplified by the differential amplifier and the inverted output is obtained at 
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Figure 4.2: (a) lOOMHz Clock Circuitry, (b) Schematic of an ECL OR/NOR Gate. 
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the NORoutput. In this manner, an ECL NOR gate can be treated as an inverting 

amplifier. 

One portion of MC10101, shown in Fig. 4.2.a, provides proper biasing for 

the feedback network. By connecting the NOR output to its input, the circuit 

stays at -1.29 volts which is the center of the logic swing [15]. A 0.001/iF bypass 

capacitor is added to suppress unwanted oscillations. The purpose of the LC tank 

circuit is to tune the circuit to the exact oscillation frequency. Since an overtone 

crystal is used, care must be taken to avoid oscillations at undesired fundamental 

frequencies. The approximate value of frequency is obtained from 

f ~ 2 ^ V L U '  (4>1) 

A third MC10101 NOR gate is used to buffer the clock output and protect 

the feedback network from external loading effects. As a final step, the ECL clock 

is passed through a MC10125 ECL to TTL converter. At this stage, the TTL clock 

is ready to be distributed to the quantizer circuitry. 

4.2.2 Construction 

Three ECL gates are used to generate the 100 MHz clock. These gates have 

small propagation delays (typically 2ns) and provide the high-speed performance 

required for clock generation. Design guidelines for such ECL circuits are more 

complicated than their TTL counterparts. In particular, noise reduction techniques 

must be used to avoid faulty operation of the circuits. 

Several design considerations were made to solve the noise problem. A 

ground plane was used in the back plane and wire-wrap lengths were kept to a 

minimum. Vcci and Vcc2 package pins were connected directly to the ground plane 

as close to the package as possible. In addition, the clock circuitry was completely 

isolated from the TTL portion and separate power supplies were used for the 
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ECL board. Twisted-pair lines, approximately 5 inches long, supplied the TTL 

clock to the quantizer. These considerations, in addition to standard power supply 

bypassing, provided a reasonably clean clock output. 

In compliance with equation 4.1, a 0.18\iH inductor and a 5-35 pF vari

able capacitor were selected for the LC tank circuit of Fig. 4.2.a. Theoretically, 

these components can produce frequencies in the range 64-163 MHz. However, the 

crystal can only oscillate at one or more of its fundamental frequencies. Varying 

the capacitor value resulted in only one oscillation frequency, namely 111.1 MHz. 

This frequency was measured by a Tektronix 11402A Digitizing Oscilloscope. The 

counters of the quantizer circuitry were operational at this freqency and produced 

the expected results. 

4.3 Quantization 

Once the 100 MHz clock is available, the quantization of the data mark 

begins. The peak detector pulse (corresponding to a positive or a negative tran

sition of recorded data) stops the counters and stores their binary outputs in a 

static RAM. Fig. 4.3.a shows a block diagram of this operation. The components 

of this system do not have compatible speeds. Therefore, additional latch stages 

are inserted to ensure proper timing of various parts. For instance, the presence 

of tri-state flip-flops are necessary to interface the high-speed counter (~ 9 ns per 

count) to the slower RAM (~ 80 ns setup time). 

When a pulse from the peak detector arrives, the Hold/Reset generator 

produces narrow pulses of duration t.n and </j, as depicted in Fig. 4.3.b. A delayed 

version of the peak detector signal is also produced to act as a clock signal for 

the tri-state flip-flops. The Hold signal prevents any changes from occuring in the 

counter output while the data is being latched to the RAM data lines. The Reset 

signal sets the counter back to zero and counting resumes as soon as Reset goes 
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Figure 4.3: (a) Block Diagram of the Quantizer, (b) Hold/Reset Timing Diagram. 
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low. The falling edge of the peak detector signal increments the address counter 

of the RAM and the system becomes ready for the next incoming signal from the 

peak detector. 

From the timing diagram of Fig. 4.3.b it is evident that the counter is idle 

for a time period equal to To account for this idle time, should be added to 

the calculated value of the mark size. If we denote the time period corresponding 

to a stored binary number by <5, the quantized mark w.idth corresponding to that 

number is given by 

tQ = t$ + tn + ttf (4.2) 

= ts + ti (4.3) 

where <5 is computed by multiplying the counter output by the time it takes for 

each count. Mathematically this can be expressed as 

i s  =  i V x - 1  ( 4 . 4 )  
Joae  

= N xT (4.5) 

where T = 7^-= Clock period, 
Jot c 

f03C = 111.1 MHz = Clock frequency, and 

N = Decimal equivalent of numbers in the RAM. 

4.3.1 Hold/Reset Generator 

Hold and Reset pulses are produced by manipulating an incoming peak 

detector signal as shown in Fig. 4.4. The basic idea is to invert and shift a 

relatively long signal and then, "AND" this version with the original signal to 

obtain a narrow pulse: 

Hold signal, depicted in Fig. 4.4.a, is easily produced by first inverting and 

then shifting the peak detector signal by <//. Then, the original signal is "AND^ed 
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ORIGINAL 
SIGNAL A 

SHIFTED & 
INVERTED 
SIGNAL B 

A*B 

Figure 4.4: (a) Hold Signal Generation, (b) Reset Signal Generation. 

with this signal. The result is a narrow pulse of width tn. The Reset signal is 

obtained in a similar fashion, except, the time shift is </?. Reset signal generation 

is shown in Fig. 4.4.b. The flip-flop clock signal (see Fig. 3.3.b) is just a delayed 

version of the original signal. 

Shifting and inverting is accomplished by passing the signal through in

verter gates. The amount of shift can be estimated by knowing the propagation 

delays of these gates. This information is readily available in TTL data books. 

However, the actual delays must be verified experimentally since individual in

verters may have different characteristics, tu and tn are chosen to be as small as 

possible to reduce the counter idle time and avoid the possibility of signal overlap. 

Minimum tu and in values obtained from TTL data books are 10 ns and 30 ns, 

respectively. The experimental tn and tn values were measured to be 15 ns and 30 

ns. The time delay, tj, for the flip-flop clock is roughly 8 ns. Generation of these 

signals required four 7404 inverter chips and one 74F08 AND chip. Detailed pin 

diagrams of the Hold/Reset Generator are given in Appendix B. An alternative 

way of producing the required delay is to utilize "Digital Delay Units". These 

components provide variable length delay periods and can replace several inverter 

gates in this design. 
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Figure 4.5: Hybrid Counter System. 

4.3.2 Counter Design 

The 16-bit digitizing counter of Fig. 4.3.a is an integral part of the system. 

A single 16-bit Fast Counter seems to be the best choice for providing the count. 

On the other hand, a similar design using a hybrid configuration can replace the 

16-bit counter without compromising the accuracy of quantization. This hybrid 

combination proves to be very cost effective and provides the same service for less 

than 10% of the cost; Fig. 4.5 shows a diagram of the hybrid counter system. An 

8-bit 74F269 counter is used in conjunction with a slower 74393 8-bit counter. 

The Fast counter generates the least significant byte while the slow counter 

provides the most significant byte of the 16-bit number. This is made possible by 

connecting the most significant bit of the LSB counter to the clock input of the 

MSB counter. The above system was successfully implemented in the lab and it 

was fully operational. 
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DECODER 

STATIC 
RAM IBM PC 

Figure 4.6: Data Transfer to PC. 

4.4 Data Transfer 

Section 4.3 described various components which performed quantization 

of data marks and stored the results in a RAM. The next step is to transfer the 

stored data to a personal computer for further analysis. In order to accomplish this 

task, the PC must issue a READ command to the I/O address of the static RAM. 

In addition, the RAM output must be enabled and its address counter should 

be incremented each time a byte is read. The decoder box, shown in Fig. 4.6, is 

responsible for routing correct addresses and command signals to their appropriate 

destination. A BASIC program was written for transferring the data to an IBM 

PC. 

4.4.1 Address Decoder 

Fig. 4.7 shows the decoder circuitry for the quantizer board. The decoder 

output line becomes low when an address in the range 3E8-3EF is selected by an 

I/O READ command. The 8-input NAND gate, as discussed in Sec. 2.1.1, is used 

for decoding A3 — A9 address lines. The I/O READ line is passed through a buffer 

and "OR"ed with the output of the NAND gate. The OR output enables a 74155 

3-line to 8-line decoder. /40, A\, and A2, are three low order address lines which 
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Figure 4.7: Decoder Circuitry 
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are used as inputs for the decoder chip. The decoder outputs are active low and 

one of eight output pins are pulled low when the appropriate address is present at 

its input. The PC can address 8 different external devices through this decoder 

circuitry. Addresses 3E8 and 3EE are reserved for the pattern generator and may 

not be used for the quantizer circuitry. 

4.4.2 Data Acquisition 

A BASIC program, given in Appendix B, retrieves the stored data from the 

static RAMs. Dip switches on the quantizer board are set to allow data transfer to 

the PC. Since there are 8 data lines on PC's I/O bus, the 16-bit number must be 

transferred one byte at a time. For this purpose, two 32K x 8 RAMs are used on 

the quantizer board, one of which contains the most significant byte (MSB) and 

the other stores the the least significant byte (LSB) of the number. Each RAM is 

located at one I/O address of the PC. A third I/O location is designated to reset 

the address counters at the start of data retrieval. 

A few lines of the BASIC program are repeated in Fig. 4.8 to demonstrate 

data transfer. The execution of this program inputs the LSB and MSB of data and 

increments the address counter each time through the loop. Data acquisition begins 

by inputing a byte from location 3E9. This command enables one of decoder's 

active low outputs. At this stage, it is not intended to transfer data. The transition 

caused by INP(3E9) is merely used to reset the address counter to zero. The 

first line inside the loop inputs the least significant byte of data. This command 

generates a low signal on 3ED decoder output and enables the LSB RAM and its 

buffer. INP(3EB) on the next line initiates a similar action except this time the 

MSB RAM is activated. The inverted version of 3EB decoder output is connected 

to counter's clock input. Thus, after the MSB is read, a transition on this line 

increments the counter. 

The I/O READ signal has a relatively large pulse width (650 ns) and INP 
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C%=INP(3E9) 
FOR I%= 1 TO 1000 

A%(I%) = INP(3ED) 
B%(I%) = INP(3EB) 

NEXT 1% 

Figure 4.8: Data Transfer Program. 

commands are separated by ~ 15ms. These values are considerably larger than 

the timing requirements for digital circuits on the quantizer board. As a result, no 

timing complications and signal overlaps were expected for the design. The above 

data transfer system was built and tested. Some of the results are given in Sec. 

4.6. 

4.5 Quantization Error 

One disadvantage of this system is the presence of quantization noise. This 

error is due to the fact that the quantized marks can only be an integer multiple of 

the clock period. The quantization error, q, can be considered a random variable 

given by 

q — x — x (4.6) 

where x is the actual time mark and x is the quantized mark. In the ideal situation, 

q is a random variable existing in the range [—7, 7], with T being the clock period. 



47 

Under the assumption that q is equally likely to lie anywhere in this interval, a 

uniform Probability Density Function is obtained for q [18]: 

Ml) = f. (4.7) 

By noting that q = 0, the mean square expression for quantization error is obtained 

as follows: 

a2 = q2 = f2
Tq2pq(q)dq (4.8) 
2 

= ^3P,(7) ll^ (4.9) 

T 2 

- 12- <4',0> 

For a data mark of duration Tm, Signal-to-Noise-Ratio is calculated by [5] 

(Zk)2 

SNR=10logloC-y-). (4.11) 

The clock period, T, is 9ns (Sec. 4.2). For a Tm of 200ns, the SNR is approximately 

1500 or 32 db. This value can be considerably improved by selecting a faster clock 

rate for quantization. The choice of Tm in these calculations was determined by 

the actual time marks used in the experimental setup (Chap. 5). 

4.6 Experimental Verification 

The system of Fig. 4.3.a was assembled and tested to verify its operation. 

An 81131A Hp pulse generator was used to simulate the incoming peak detector 

signal. Five different test pulses were used. Fig. 4.9 shows the results of data 

collection. Column 2 represents the binary outputs of the digitizing counters in 

1000 trials. Column 4 calculates the time mark by using Eq. 4.3. In column 

5, mark size deviations from the original marks are calculated. This difference is 

primarily due to the quantization noise. These results indicate that the quantizer 

system operates as expected. 
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Figure 4.9: Test Data for the Quantizer System. 
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CHAPTER 5 

Experimental Setup and Results 

5.1 Experimental Setup 

The. complete system of Fig. 1.2 was constructed and used to collect data. 

A pseudo-random sequence of zeros and ones was recorded on the optical disk at 

four different clock rates. These rates were selected so that the minimum mark 

sizes of 1.33fim, 1 fim, and O.Sfim were produced. The length of this pattern 

was set by the cycle generator to 31 bits. Fig. 5.1 shows the original sequence 

of recorded marks. Figures 5.2 and 5.3 show the actual readback signals for Iftm 

and 2fim spot sizes. Evidence of signal degradation is observed in these figures, 

especially at smaller spot sizes. 

6 

31 bits 

1 1 2 if2" 1 6 |_ 

Figure 5.1: Recorded Pseudo-Random Sequence. 

Readback signals were passed through the peak detector and digitizer 

boards. Peak detection was not very effective at 1 fim and 0.8fim spot sizes. Due 

to the small amplitude of bit 18 (center mark in '1-1-1' sequence), the differen

tiator could not produce large enough spikes to mark the boudaries of this bit. 
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Figure 5.2: Readback Signal (2/im Spot Size). 



2.5V 

tria'd 
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Consequently, the pseudo-random sequence was slightly modified to accommodate 

this limitation. The new sequence is shown is Fig. 5.4. 

6 1 3 3 2 3 4 2 2 1 2 1 6 

Figure 5.4: Modified Pseudo-Random Sequence 

The feedback resistor, Rj, of the differentiator (see Fig. 3.7) was also 

replaced by a variable resistor. Since differentiation is strongly frequency depen

dent, the value of Rj had to be adjusted so that data patterns with different spot 

sizes (0.8fim — 2.0/im) could be effectively differentiated. For each spot size 1000 

quantized marks (~ 32 cycles) were collected and stored in the RAM chips of the 

quantizer board. 

5.2 Data Analysis 

The collected data were transferred to the PC and mark sizes of the read-

back signal were determined. Signal-to-Noise-Ratio's were computed by first cal

culating mark size deviations from the original mark sizes. This deviation can be 

expressed as 

di = Wi-Wit i = 1,2,--• ,7V (5.1) 

where W,- = Original Mark Size Recorded on Disk, and 

Wi = Measured Mark Size of Readback Signal. 

The variance is defined as 

(5.2) 
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and SNR computed as 

SNR = IO/O^ 0(^!T) 
<T 

(5.3) 

where Wunit = Minimum Spot Size Recorded 

From Eq. 5.3, several SNR values are calculated. Fig. 5.5 shows four different 

SNR curves. SNR for high marks is computed by considering only the high bits. 

Similarly, the low SNR is computed by only accounting for low bits. 

Another SNR computation is done for Additive Interleaving Detection 

(AID) [5]. With this detection technique every other transition edge is detected so 

that Wi or Wj in Eq. 5.1 is actually the summation of two adjacent marks. AID 

mark widths would then become: 

Hardware implementation of the AID technique can be accomplished by making a 

few modifications to the original circuits. Referring to the peak detector of Fig. 3.2, 

a simple modification requires the removal of the 'OR' gate. In this case, two set 

of reset pulses are produced. One corresponds to the positive transitions and the 

other corresponds to the negative transitions of the readback signal. In addition, 

the quantizer of Fig. 4.3.a is duplicated to facilitate collection and quantization of 

data marks. Fig. 5.6 shows a block diagram of the modified AID circuitry. SNR 

computations are carried out according to Eq. 5.3 with modified mark sizes given 

by Eqn. 5.4 and 5.5. 

SNR results for the AID technique are graphed in Fig. 5.5 along with 

previous SNR curves. Improvements in Signal-to-Noise-Ratio's are observed con

sistently for different spot sizes. This can be explained by noting that adjacent 

marks have correlated ISI characteristics. As a result, when a high mark is detected 

together with its neighboring low mark, some of the ISI effects are cancelled. Fig. 

5.5 indicates 3 to 5 dB SNR improvements due to the AID technique. 

w;UD = Wi + \vi+i 

W F I D  =  W I  +  W I + 1  

(5.4) 

(5.5) 
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Figure 5.5: SNR Graphs for Measured Mark Sizes. 
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CHAPTER 6 

Conclusion and Discussion 

The objective of this thesis was to develop a hardware system to measure 

mark size deviations of the readback signal from the original marks in an optical 

storage system. This system, depicted in Fig. 1.2, was built and tested for a 

pseudo-random data pattern. SNR computations were done for different spot 

sizes of the recorded signal. The results obtained by this system were consistent 

with conclusions reached by software methods [9]. These results indicate that SNR 

values decrease as the spot size decreases. Additive Interleaving Detection of marks 

proved to yield improved SNR values. This improvement was in the range 3 to 

5dB for minimum mark sizes 0.8 — 2.0/im. 

SNR values may be further improved by selecting a better peak detection 

technique. Due to a considerable amount of noise in the differentiation process, a 

modified peak detection method was used. This modification required visual in

spection of the differentiated signal for setting threshold levels. This task became 

more complicated when the differentiated signal contained narrow pulses with dif

ferent amplitudes. As a result, the transition regions detected by this technique 

were only estimates of true boundary locations. Nevertheless, they provided a rea

sonable approximation and the final results were very consistent. Peak detection 

can be improved by mounting the components and integrated circuits on a multi-

layered printed circuit board. This reduces noise and interference in the signal. 

In order to reduce operator interaction, the feedback resistor of the differentiator 

may be replaced by a digital potentiometer. This potentiometer may be controlled 

by the computer and is adjusted automatically for various readback signals with 
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different frequency components. 

The overall system performance is also limited by the quantization error 

(SNR < 32db). In calculating this upper bound (Sec. 3.5), the minimum mark 

duration was selected to be 200ns. This corresponds to the smallest possible mark 

(1 bit) with 0.8(xm spot size. SNR values obtained for this spot size were much 

lower than this limit. Thus, one can conclude that quantization noise did not play 

a major role in expermental results. Quantization error can be further reduced by 

increasing the clock rate. 

The quantizer system designed in this thesis can be used to study ISI 

in many different data patterns. Once ISI characterization is complete, signal 

processing algorithms can be implemented in digital logic circuitry to reduce the 

ISI effects. For instance, read and write equalization techniques can be developed 

to compensate for ISI in the signal. The final system may be realized in a single 

VLSI chip to provide a compact and economical package. 
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APPENDIX A 

Pattern Generation 

A typical program to generate a pattern of zeros and ones is included in this 

appendix. The Pattern Generator circuitry is shown following the BASIC program. 



DIM a%(40) 

a%(l) = l 
a%(2) = 1 
a%(3) = I 
a%(4) = 1 
a%(5) = 1 
a%(6) = 0 
a%(7) = 0 
a%(8) = I 
a %(9) = 1 
a%(10) = 1 
a%(ll) = 0 
a%(12) = 0 
a%(13) = 0 
a%(14) = 1 
a%(15) = I 
a%(16) = 0 
a%(17) = 1 
a%(18) = 0 
a%(19) = 1 
a%(20) = 1 
a%(21) = 1 
a%(22) = 1 
a%(23) = 0 
a%(24) = 0 
a%(25) = 1 
a%(26) = 1 
a%(27) = 0 
a%(28) = 1 
a%(29) = 1 
a%(30) = 0 
a%(31) = 1 
a%<32) = 1 
a%(33) = 1 

FOR J% = 1 TO 33 

OUT &H3EA, a%(J%) 
PRINT "THE NUMBER STORED IN THE RAM IS: INP(&H3EA) 

NEXTJ% 

END 
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APPENDIX B 

Quantizer Circuitry 

Detailed pin diagrams of 

in the following pages. 

various components of the Digitizer board are presented 
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This program is used to retrieve quantized mark size values from the Dig

itizer board. 

DIM A%(1000), B%(1000) 

OPEN "Data-out", FOR OUTPUT AS #1 

C% = INP(&H3E9) 

FOR l% = 1 TO 1000 

A%(l%) = INP(3ED) 
B%(l%) = INP(3EB) 
PRINT #1, A%(l%), B%(l%) 

NEXT l% 

CLOSE#1 

END 
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