
720 DATA RECORDING

DATA RECORDING

Data are items of information. As we travel on the informa-
tion superhighway, we find data all around us—weather
data, sports data, stock data, sonar data from underwater ob-
jects, seismic data from an earthquake, satellite data from
Mars, one-dimensional speech data, two-dimensional image
data, three-dimensional video data, analog data, and digital
data. Some data are natural, some are synthetic.

Data are recorded for later retrieval and use. Archeological
findings are recorded to trace back the past. Current scientific
findings are recorded to strive for the future. Musical data
are recorded to listen at a later time on demand. So, what is
data recording? Data recording refers to a system that can
store data and restore it as faithfully as possible. A data re-
cording device, therefore, involves both storage and retrieval
mechanisms. A sample data recording system is shown in
Fig. 1.

The source generates the raw data. Data acquisition is the
process of measuring and gathering data from the source in
some usable format. Acquired data is usually compressed to
reduce the burden on the storage media. Each of these pro-
cesses will be discussed next.

DATA ACQUISITION

As mentioned previously, data acquisition collects data in a
usable format from the data source. This usually comprises a
sensor, calibrator, or data converter. Figure 2 shows typical
components of a data acquisition system. For example, for the
recording of the temperature of a system, a thermocouple may
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Figure 1. A data recording system flow.
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Arithmetic Coding. This is used for shorter codeword
sources and instances where the codewords have highly
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Figure 2. A data acquisition system flow.

Dictionary Coding. A popular realization of this is the LZW
approach, which is a variation of the seminal work by Ziv and
Lempel in 1977. A dictionary codeword is created from the

be used to sense the temperature that will yield a sequence of patterns of the source. The codewords consist of the index,
electric potential data values. This may be followed by proper length, and symbol of a frequently used pattern. The LZW
calibration and finally the data may need to be converted to a technique is used in industry standard applications as in the
discrete sequence of data using an analog-to-digital converter. UNIX compress command, GIF (graphics interchange for-

mat) image coding, and the V.42 bis modem data com-
pression.Data Telemetry

When the data source is at a distance from the actual storage Differential Encoding. Instead of directly encoding a source,
medium, then data need to be transmitted through this dis- the next data element is predicted from its neighboring ele-
tance. This technique of distant measurement of data is called ments and then the difference between the actual and pre-
data telemetry. The problem here is to get the data from one dicted model is encoded. This reduces the length of code size
point to the other without having to go and physically retrieve by reducing the dynamic range of possible values. The basic
them. With the progress of satellite communication and in- differential encoding is called Differential Pulse Coded Modu-
ternet distribution, this is becoming a wider application area lation (DPCM). DPCM attempts to minimize the variance be-
day by day. The Global Positioning System (GPS) is the most tween the predicted model and the actual values. The popular
active application area of data telemetry. Automated Vehicle JPEG (joint photographic experts group) technique uses dif-
Locator (AVL), interactive monitoring and control of remote ferential encoding for compressing image data.
equipment and processes, stolen vehicle recovery systems,
and interactive vehicle messaging systems are some of the Lossy Compression
applications of GPS.

Lossy compression reduces the data size with an acceptable
loss of resolution of data. The technique of quantization is in
general used for lossy compression, which is then followed byDATA COMPRESSION
coding. Quantization maps a larger dynamic range of the orig-
inal source into a smaller range of quantized values. The com-Consider a sequence of NTSC (National Television Standards
pression ratio now is a function of the levels of quantizationCommittee) standard satellite video data. Each frame when
desired, which obviously is much higher than that of losslessrepresented in 24-bit true color takes up approximately 1 MB
compression. The set of quantizer output values is called theof storage space. With 30 frame/s, 1 min recording of the sat-
codebook.ellite data thus requires 1800 MB (1.8 GB), which is sufficient

enough to fill up the entire hard disk space of a modern day
personal computer. Is there a way to reduce the size of these Differential Encoding. As in the case of lossless compres-
image data? That is what data compression is all about. sion, this technique may also be used for lossy compression.
Based on the requirements of reconstruction, there are two Here, the differentials of input values go through the process
types of compression: lossy and lossless compression. Lossless of quantization. Different variants of differential encoding can
compression is generally used for text, computer-generated be found in the literature.
data, and some types of image and video information. A par-
ticular application is the compression of bank account and Subband Coding. Here, a data sequence is first decomposed
credit information. Lossy compression on the other hand can into different bands or resolutions. A bit allocation technique
tolerate some loss of information. For example, a recon- is then used for an optimal combination of these bands. This
structed video image sequence from a compressed sequence technique may be used in both lossless and lossy compression.
may be well within the tolerance of the viewer. Wavelet decomposition is an example of subband coding. Dif-

ferent types of filters used for subband decomposition result
in different types of information.Lossless Compression

Lossless compression, in general, employs some coding tech- Transform Coding. The data sequence is first converted into
niques to reduce the size of data. another sequence using some transform. Quantization and

other compression techniques are then used in the transform
domain instead of in the original data domain. One of theHuffman Coding. Consider a coding system where the sym-

bols that occur more frequently will have shorter codewords goals of transformation is to wind up with a smaller number
of data samples that are representative of the original datathan the symbols which are less likely to occur. The result is

a variable-length coding having smaller average code size. In sequence. This process is called decorrelating the input se-
quence, which means that the sample-to-sample correlationthe context of a 256-level gray image, each pixel is coded as

an 8-bit code. Now assume that in analyzing the probabilities of the original data sequence is zero. The transform samples
that do not contain much information are discarded. The re-of the gray levels it is possible to have an average code size

of 5 bits per pixel. That gives a compression ratio of 1.6. verse transformation is then applied on this compressed se-
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quence for reconstruction. There are different types of trans- digital recording. An analog signal is a continuously varying
smooth signal having no discontinuity in it. A digital signal,forms available, all of which are, to some extent, data

dependent. The Karhunen–Loeve transform is an optimal on the other hand, consists of a sequence of discontinuous
pulses. The amplitude of the digital signal is fixed, whereastransform in the sense that it minimizes the geometric mean

of the variances of the transform coefficients, thus resulting amplitude of analog signal is a changing parameter that im-
poses a requirement on the dynamic range of an analog stor-in an optimal decorrelation providing the largest coding gain

of any transform coding method. Discrete cosine transform age device. Figure 3(a) shows an analog signal along with dis-
cretization in 15 samples. Figure 3(b) shows how each(DCT), discrete sine transform, and discrete Walsh–

Hadamard transform are some of the other useful transforms. discretized value is represented by using 4 bits. Compared to
analog storage, digital storage is more noise tolerant, robust,Transform coding operates in three steps: First the trans-

formation is applied. The second step involves quantization and easily reproducible. In addition, due to the recent devel-
opment in the areas of digital technology, control, and com-of the transformed sequence into the desired number of bits.

Finally, some types of coding technique like fixed-size code, munication, digital storage is becoming a more cost-effective
solution as well.Huffman, or arithmetic coding are used. The JPEG standard

is one of the most widely used techniques for lossy compres-
sion of images. It uses DCT as the transform and goes Storage Media
through the following steps.

Depending on the media and technology used, storage devices
may be classified as semiconductor storage, magnetic storage,1. The input image is first level-shifted. This is done by
optical storage, and magneto-optical storage.subtracting 2M�1 from the image having pixel values in

the range �0, 2M � 1�. Here, M is the number of bits
Semiconductor Storage. In a computer system, semiconduc-used to represent each input pixel.

tor storage is used as a faster access medium, which is called
2. Block transformation having a block size of 8 � 8 using primary storage. This is primarily divided into read–write

DCT is then applied on the level-shifted image. memory (RWM), and read-only memory (ROM). RWM histori-
3. Quantization on the transform coefficients is then done cally is called random access memory (RAM), although ROM

using variable step size. The idea is to use small step is also random access. Random access, in contrast with se-
size for low-frequency components and large step size quential access of a tape, means any piece of data can be ac-
for high-frequency components. cessed randomly without accessing other data items. RAM is

4. Huffman coding method is then applied on the quan- volatile in the sense that its contents is destroyed when the
tized coefficients. Note that a large number of 0 values power is turned off. Depending on the technology used, RAM
is obtained after the quantization process and these val- can be static or dynamic. Static RAM (SRAM) does not need
ues do not need to be coded. any refreshing and is usually faster than dynamic RAM

(DRAM). DRAM on the other hand can be made denser and
As mentioned earlier, the compression ratio really depends on is thus less costly. One variant of ROM called programmable
the fidelity of the reconstructed image. In general, a ratio of ROM (PROM) can be programmed only once and is sometimes
25 : 1 results in an acceptable reconstruction for typical im-
age applications.

The MPEG (motion picture experts group) standard, which
is used for the compression of motion pictures, also uses the
DCT transform. Here the next frame is predicted from the
current frame. DCT is taken for the difference of a frame and
its predicted frame.

DATA STORAGE

The ever-increasing demand for data storage coupled with the
multimedia requirements for text, image, video, and audio
storage are growing at an exponential rate. In practice, we
encounter three main types of storage: primary or on-line,
secondary or near-line, and archival or off-line memory. The
range of on-line, near-line, and off-line data storage systems
may consist of a variety of technologies such as the magnetic
tape drives, magnetic disk drives, optical tape, electron trap-
ping optical memory (ETOM), holographic optical storage,
and optical disk drives such as the compact disk read-only
memory (CD-ROM), CD recordable (CD-R), digital versatile
disk (DVD), and write-one read-many (WORM).

Storage Modes
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Data storage may be analog or digital. The audio tape is an Figure 3. (a) Analog signal and the digitization process. (b) Coding
as a digital signal.example of analog recording, whereas a CD is an example of
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ROM and OTP chips, flash components are nonvolatile—they
retain data even without a power source. And, like SRAM,
users can write, modify, or delete the information stored on
them. However, use of flash memory currently is prohibiting
due to their cost and device capacity.

Magnetic Storage. Magnetic storage exploits electromagne-
tism. When an electric current flows through a conductor, it
generates a magnetic field around that conductor. This mag-
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netic field can influence the magnetic material in the field.
Figure 4. CMOS realization of 1-bit storage of static RAM. When the direction of current reverses, the polarity of the

magnetic field is also reversed. So, particles of the magnetic
substance can be polarized magnetically in one of the two di-

also referred to as one-time programmable (OTP). Erasable rections with an electromagnet. Thus, magnetic polarization
PROM (EPROM) can be programmed and reprogrammed can be used to distinguish ‘‘0’’ and ‘‘1.’’ This two-way operation
many times. EEPROM is electrically erasable PROM that can of electromagnetism makes it possible to record data on a disk
be erased by exposing it to an electrical charge. This is differ- or tape and read the data later. Magnetic disks and tapes are
ent from Flash memory in the sense that, while EEPROM the two variants of magnetic storage devices.
stores and erases one byte at a time, Flash memory does it in Magnetic Disks. Magnetic disks, which were preceded by
a block of bytes at a time. magnetic drums, are of two major types: namely, hard disks

The basic building block of a semiconductor storage system and floppy disks. Hard disks cannot be bent or flexed—hence
is called a flip–flop. Figure 4 shows the storage of 1 bit of the term hard disk. Also, the platters of the hard disk are not
information using a Complementary Metal Oxide Semicon- removable, and for that reason it is also called a fixed disk.
ductor (CMOS) SRAM cell. Note that many variations of this Construction and Geometry. Disks consist of circular plat-
configuration are available resulting in different storage capa- ters made of glass, plastic, or metal and coated with a mag-
bility. With the tremendous success of very large-scale inte- netic substance. A driver motor rotates the disk platter about
gration (VLSI) technology, semiconductor memory has be- its central axis. The disk drive also has head motors, which
come the storage device with the highest density and fastest cause head rotation. Heads move radially in and out across
speed. Following are some of off-the-shelf semiconductor stor- the disk surface. Heads are connected to head motors through
age devices. a moving arm. Usually there is one head per surface. Figure

PC Card. PC cards can be either storage or input/output 5 shows the components of a typical magnetic disk drive.
(I/O) cards, which is defined by the internationally accepted Figure 6 shows the logical geometry of the platters of a
PCMCIA (Personal Computer Memory Card International As- disk. Data are stored in concentric tracks on the surfaces of
sociation) standard. PC cards use little power and are com- each platter. The number of tracks is an indicator of the stor-
pact, highly reliable, and lightweight, making them ideal for age capacity of the disk. Track density, which is the number
battery-powered notebook and palmtop computers, handheld of tracks per unit of radial length, is expressed in tracks per
personal digital assistants (PDAs), and personal communica- millimeters or tracks per inch. A typical disk drive can have
tor devices. Their low power, small size, and portability facili- more than 2000 tracks per inch (TPI) on its recording surface.
tate the use of memory cards in a wide variety of new applica- A pair of tracks on each side of the disk with the same track
tions, such as electronic cameras, voice recorders, portable number is called a cylinder. In the case of disk packs several
phones, and in the area of data telemetry in general. tracks may constitute a cylinder. Each track is divided into

ROM and OTP Card. Because the information stored on a sectors, which can store a data block. The process of organiz-
ROM card is inseparable from the hardware, a ROM card ing the disk surface into tracks and sectors is called format-
usually is device-dependent and will not work in a computer ting. In almost all systems, including PCs and Macintoshes,
system other than the one it is specifically manufactured for. sectors typically contain 512 bytes of user data plus ad-
By contrast, OTP cards are built blank. After manufacture, dressing information used by the drive electronics.
these chips can be written to with a special device. While they In earlier hard drive designs, the number of sectors per
have the advantage of providing a form of nonvolatile storage, track was fixed and, because the outer tracks on a platter
the biggest disadvantage is that once information is stored on
the card, it cannot be altered in any way. In addition, the
custom manufacturing involved in producing ROM chips
makes ROM cards expensive unless produced in large quan-
tities.

SRAM Card. SRAM cards have an advantage over ROM
and OTP cards: users can write, modify, or delete the infor-
mation stored on them. However, SRAM chips are volatile.
Affordable SRAM cards are available in capacities of up to 4
MB. Beyond that, the cost of SRAM is prohibitive. Therefore,
SRAM cards are used primarily for low volume storage.

Flash Card. One of the latest innovations in memory cards

Platter

Head
Head motor

Moving arm

Disk motor

is the use of flash memory technology. Flash cards combine
the best features of both ROM/OTP and SRAM cards. Like Figure 5. Magnetic disk drive components.
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Storing and Retrieving Data. The mechanism of storing and
retrieving data is almost the same for both the hard disk and
floppy disk. The only difference is that a floppy disk has only
one disk platter and for this, the number of surfaces is two;
the top and bottom surface of the single platter. Most hard
disks contain several disk platters, all mounted on the same
axis.

When data are retrieved from a hard disk drive, a com-
mand is issued to open an existing file, and the application
program that is running prompts the user to enter the name
of the file to open. It then passes the file name to the op-
erating system, which determines where the file is located on
the disk drive—the head number, cylinder, and sector identi-
fication. The operating system transfers this information to
the disk controller, which drives an actuator motor connected
to the actuator arm to position the heads over the right track.
As the disk rotates, the appropriate head reads the address
of each sector on the track. When the desired sector appears
under the read/write head, the entire contents of the sector
containing the necessary data are read into the computer’s
main memory.

Storing data on a hard drive is a similar process to retriev-
ing data, only reversed. The host computer operating system

Cylinder

Tracks, cylinders, and sectors

Sector

Shaft

Track

is responsible for remembering the addresses for each file on
the disk and which sectors are available for new data. TheFigure 6. Logical components of a disk system.
operating system instructs the controller where to begin writ-
ing information to the disk. The controller moves the read/

have a larger circumference than the inner tracks, space on write heads to the appropriate track and writing begins.
the outer tracks was wasted. The number of sectors that When the first track is full, the heads write to the same track
would fit on the innermost track constrained the number of on successive platter surfaces. If still more track capacity is
sectors per track for the entire platter. However, many of to- required to store all the data, the head moves to the next
day’s advanced drives use a formatting technique called mul- available track with sufficient contiguous space and writes
tiple zone recording that allows the number of sectors per the data there.
track to be adjusted so more sectors are stored on the larger,

Encoding. Traditionally, drives have used analog peak de-
outer tracks. By dividing the outer tracks into more sectors,

tection read channels. During a write operation, an analogdata can be packed uniformly throughout the surface of a
peak detection read channel converts binary, digital data intoplatter, disk surface is used more efficiently, and higher ca-
an analog signal, which the drive’s read/write head uses topacities can be achieved with fewer platters.
cause magnetic flux changes on the platter surface [Fig. 7(a)].Read/write heads are the single most important compo-
During a read operation, the read/write head detects thenent of a hard disk drive, and their characteristics have a
magnetic flux changes from the data and generates an analoggreat impact on drive design and performance. A head is a
readback signal, in the form of a wave, that it transmits topiece of magnetic material, formed almost in the shape of a
the read channel. The read channel analyzes the incoming‘‘C’’ with a small opening or gap. A coil of wire is wound
signal to determine the high/positive peaks and low/negativearound this core to construct an electromagnet. In writing to
peaks. Finally, it decodes each of these peaks. The limita-the disk, current flowing through the coil creates a magnetic
tion of analog peak detection read channels is that, as datafield across the gap that magnetizes the disk-coating layer
densities increase, the analog signal peaks start to overlap,under the head. In reading from the disk, the read/write head
which causes data degradation. To counter this effect, hardsenses an electronic current pulse through the coil when the
drives employ a data encoding scheme during write opera-gap passes over a flux reversal on the disk.
tions that separate the analog signal peaks. One of theseSeveral different types of read/write heads exist. Among
techniques is called partial response maximum likelihood-the earliest are monolithic ferrite heads or those made of a
(PRML).single block of ferrite, a magnetic ceramic material. An im-

By using sophisticated digital coding and filtering tech-provement on all-ferrite heads were composite heads con-
niques, PRML read channels sample the analog signal wavesisting primarily of nonmagnetic material with a small ferrite
at a number of points, as opposed to just at the high and lowstructure added. Next came metal-in-gap, or MIG, heads with
peaks, as shown in Fig. 7(b). By taking these samples, PRMLvery thin metal layers added inside the gap to improve mag-
read channels can determine the shape of the readback sig-netic performance. Currently, many drives use thin-film
nal, and thus can interpret the high and low peaks that repre-heads, whose name reflects the fact that their structural ele-
sent data bits very accurately. Although using the same read/ments are deposited on a substrate in much the same way
write heads and media, the use of PRML technology providesthat microchips are manufactured. Thin-film technology
a much more space-efficient error detection scheme, whichallows head vendors to achieve much smaller physical dimen-
yields a 25% improvement in data bit density while achievingsions and to better control the fabrication process, both of

which result in higher performance products. the same, low bit error rate as analog peak detection.
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Disk Performance Specifications
Data Access Time. Access time is a measure of how long it

takes to position a read/write head over a particular track
and find the sectors of interest within the track for reading or
writing. Thus, data access time is a combination of seek time,
head switch time, and rotational latency and is measured in
milliseconds.

Seek Time. The amount of time it takes the actuator arm
to move the read/write head between tracks is called
seek time. For a platter having N tracks on each side,
moving from the current track to the next requested bit
of data might entail moving just one track or up to N �
1 tracks. Seek time is measured in milliseconds (ms).

Data
signal

Threshold

Analog to digital conversion

Digital data

(a)
Seek times between adjacent tracks can be as short as
2 ms, while a full-stroke seek (movement between the
outer and inner track) consumes about 20 ms. Average
seek time is defined as the time it takes to position the
drive’s read/write heads for a randomly located request
and usually ranges from 8 ms to 14 ms.

Head Switch Time. The actuator arm moves all of the
read/write heads over the platters simultaneously.
However, only one of the read/write heads can be read-
ing or writing data at a time. Head switch time mea-
sures the average time the drive takes to switch be-
tween two of the read/write heads when reading or
writing data.

Data
signal

Threshold

Analog to digital conversion

Digital data

Data samples

(b) Rotational Latency. Once the read/write head is positioned
over the proper track, it must wait for the drive to spinFigure 7. (a) Analog peak detection encoding. (b) PRML encoding.
the platter to the correct sector. This waiting period,
called rotational latency, is measured in milliseconds

Recording Codes. Numerous codes for recording are avail- and is dependent on the drive’s revolutions per minute.
able. Table 1 shows a comparison of them. Code rate is the On an average, the disk needs to spin half way around
ratio of number of information symbols (m) and the number before the next sector to be read or written to. Increas-
of code symbols (n). Code rate m/n � 1. ing the disk’s rotational speed decreases this latency.

Detection or sample window relates to the interval during However, the faster the disk rotation, the hotter the
which the recorded bit may be sampled on playback to deter- drive runs and the greater the wear on the drive’s mov-
mine its value. It is normally measured in terms of bit-cell ing parts. Still, manufacturers are overcoming these
duration, T. Capacity C � log x, where x is the largest root of problems, and the once universal 3600 rpm (with an av-
the equation, erage latency of 8.3 ms) is being supplanted by faster

speeds like 7200 rpm (with a latency of 4.2 ms).
F(x) = xk+1 − xk−d − x + 1 = 0 (1)

Data Transfer Rate. Data transfer rate heavily depends onwhere d is minimum number of zeros between adjacent ones,
two measures: the disk transfer rate, or how fast data areand k is maximum number of zeros between adjacent ones.
passed from the disk to the hard drive’s controller; and theDensity ratio (DR) is a measure of the packing density of

the code: DR � m/n(d � 1). host transfer rate, or how fast the controller passes data to

Table 1. Comparison of Codes in Magnetic Recording

Packing Detection Dca

Code Rate Capacity d,k Density Window Free

NRZ-L 1 1 0 1 T No
NRZ-M 1 1 0 1 T No
E-NRZ 7/8 1 0, 13 0.875 T No
FM 1/2 0.6942 0, 1 0.5 T/2 Yes
MFM 1/2 0.5515 1, 3 1 T/2 No
Mil’r Sq. 1/2 0.6509 1, 5 1 T/2 Yes
ZM 1/2 0.5515 1, 3 1 T/2 Yes
RLL 2,7 1/2 0.5174 2, 7 1.5 T/2 No
GCR 4/5 4/5 0.8792 0, 2 0.8 0.8T No

a Dc Free means average value is zero.
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the computer’s central processing unit (CPU). The data trans- the magnetic field and creates electrical pulses corre-
sponding to the flux reversals. This mechanism cannotfer rate is measured in megabytes per second (MB/s). To

speed the host transfer rate and minimize mechanical delays be used for writing, so a conventional thin-film inductive
write element is deposited alongside the MR stripe. MR(from seeking and rotational latency), manufacturers have

added cache buffers to the hard drive. A cache buffer built head technology began to appear in drive designs in
1994, with wider acceptance and inclusion in more de-into the drive electronics provides a temporary storage space

that eliminates or reduces any bottleneck in the flow of data signs by 1995. IBM recently announced its MR head-
based disk that holds 3 billion bits of data per squarebetween the disk and CPU. A cache buffer coupled with an

effective caching algorithm can improve the effective data inch.
transfer between a drive and the CPU by a significant fac- • Seek command reordering of the disk drive is another
tor—often 50% to 100%. improvement. In the absence of command reordering

Data Throughput Rate. Data throughput rate is a measure techniques, the disk drive would execute the commands
reflecting both data access time and data transfer rate. It rep- in the queue in the order it received them. The result is
resents the total amount of data that the CPU can access in that the read/write head randomly sweeps over the sur-
a unit of time. As such, it is a fairly comprehensive measure face of the platter executing each command in the queue
that factors in most of the major drive performance measure- in sequence. Command reordering minimizes this ran-
ments. dom movement of the read/write head. One technique for

Storage Capacity. Capacities are stated in two different command reordering is called shortest seek time-first or-
ways: unformatted and formatted. Formatted capacity repre- dering that selects the command with shortest seek time
sents the real capacity, or the amount of data that a user for next execution. The problem with the method is that
can store; whereas unformatted capacity represents a higher it gives higher priority to the tracks located near the
number usually used in advertisements. The unformatted ca- middle compared to the commands requiring data from
pacity is the maximum number of bytes that can be recorded the outer and inner tracks because their seek times are
assuming that each track is continuously and completely re- usually longer. Elevator seeking overcomes this problem
corded with zeros and ones. The unformatted capacity of a by also ordering commands such that the read/write
disk is, therefore, the product of the maximum number of heads move back and forth across the entire platter sur-
bytes per track times the number of tracks times the number face. Optimized reordering command algorithm (ORCA)
of recordable sides. For modern recording modes like modified takes command reordering one step further to calculate
frequency modulation (MFM), one bit is represented by one the optimum sequence of seeks so as to minimize the
flux transition. The number of flux transitions for a track combined total of seek time as well as rotational latency.
equivalent to one complete revolution, that is 2� radian, is Thus, it examines both the track location of the seek on
therefore calculated as follows: the disk and the sector location of the seek on the track.

It orders the seek command tasks in a more efficient se-
Flux transitions/track = flux transitions/rad × 2π = bits/track quence, increasing the data throughput of the drive by

an average of 20%.
The unformatted capacity, Cu, of the 2 Mbytes 3.5 in. diskette
(15,916 flux transitions/rad, 80 tracks, 2 sides) is: Cu � (2� � Magnetic Tape. Commonly used on early mainframe com-
15,916 � 80 � 2)/8 � 2,000,063 bytes � 2 Mbytes. puters, one of the first computer storage technologies was the

For a certain standardized format, the real formatted ca- magnetic tape drive, or simply tape drive. Magnetic tape is
pacity is the product of the number of data bytes per sector sequential data storage device. To read data, a tape drive
times the number of sectors per track times the number of winds through the spool of tape to the exact location of the
tracks per side times the number of sides. For the same disk- desired information. To write data, the tape drive encodes it
ette using the standardized MS-DOS format, the formatted sequentially on the tape. Because tape drives cannot ran-
capacity, Cr, is domly access or write data like disk drives, and are thus

much slower, they have been replaced as the primary storage
device in most computer applications. However, with its highCr = 512 × 18 × 80 × 2 = 1,474,560 bytes ≈ 1.47Mbytes

storage capabilities and low cost-to-megabyte ratio, magnetic
For this type of diskette the formatted capacity is about tape is still very much in use as a storage medium for archiv-

73.7% of the unformatted capacity. ing large amounts of data. Recent advances in tape technol-
The performance of magnetic storage devices has been en- ogy, such as faster tape drives and digital audio tape (DAT)

hanced manifold by emerging technologies. Two of these are cartridges, have also made tape a preferred technology for
mentioned below. One relates to capacity and the other to backing up network servers and other critical data.
speed.

Optical Storage. Currently, optical memory devices are
widely used as secondary memory in computer systems. The• Materials such as thin-film and magnetoresistive (MR)

heads have led to improvements. Unlike current head most widely known optical storage device is CD-ROM, which
has significantly enhanced the replication, distribution, andtechnologies—all of which are basically tiny inductive

electromagnets—MR technology uses a different mate- utilization of software, games, audio, and video intended for
use in computers or in entertainment instruments. For in-rial whose electrical resistance changes in the presence

of a magnetic field. A small stripe of MR material is de- stance, a CD-ROM containing 680 Mbytes of data can be mass
duplicated by injection molding in a few seconds costing lessposited on the head structure and, as it passes over the

magnetic patterns on the disk, it senses the strength of than 10 cents per piece. The main attractive features of an
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optical data storage system are the removability, portability, covered with such marks, then the capacity of the optical disk
may be expressed asand reliability.

Optical Disk. An optical disk is usually constructed from a
plastic or glass substrate coated by one or more thin-film lay-
ers and contains a number of tracks along which information

C = πr 2

(Wt + Wb)Lm
(2)

is stored. The manufacturer may record the information on
the substrate surface or information may be recorded by the where C is expressed in bits per surface. For a typical 5.25
user on one or more of the thin-film layers along the tracks. in. optical disk, r � 67 mm, Lm � 0.5 �m (determined by the
The storage layer is generally sandwiched between two dielec- read/write laser wavelength), and Wt � Wb � 1 �m. The ca-
tric layers and the stack is covered with a metal layer for pacity of this disk, using Eq. (2), computes to approximately
better reflectivity. The functions of the dielectric and reflec- equal to 3.5 gigabytes per surface, which is pretty close to re-
tive layers include reduction of thermal cross talk during ality.
writing, optimize absorptivity and reflectivity, and protecting In optical disk and tape storage systems, semiconductor
the storage layer. laser diodes having the shortest possible wavelength that can

Figure 8 shows the basic building blocks of an optical disk provide enough power for read, write, and erase operations
system. The light beam emanating from the laser is colli- for several thousand hours are generally used. In general, the
mated and directed toward a high-numerical-aperture objec- size of the focused spot varies directly with the wavelength.
tive lens via a beam splitter. The objective lens focuses the Therefore, shorter wavelength lasers can be focused to
light beam on the surface of the disk where information is smaller spots at the diffraction limit. The diameter d of the
written to or read from a given track. The light reflected from focused spot may be expressed as
the disk surface is collected by the objective lens and directed
toward one or more detectors through the beam splitter. The
detector extracts the data readout signal as well as the focus-

d ≈ λ

NA
= λ

sin θ
(3)

ing and error-tracking signals.
where NA refers to the numerical aperture of the objectiveThe main features of an optical disk are shown in the right
lens, � is the wavelength of light, and � is the half angle sub-side of Fig. 8. The access window is used by the read/write
tended by the focused cone of light at its peak. Equation (3)head to gain access to the disk. The hub provides the mechan-
implies that higher numerical aperture objective lens shouldical interface with the drive for mounting and centering the
be used for smaller spots. But the depth of focus � of the objec-disk on the spindle. The track shown in Fig. 8 is made up of
tive lens may be expressed asconcentric rings of width Wt and adjacent tracks are sepa-

rated from each other by a guard band of width Wb. If the
binary digits (0 and 1) are stored as transparent and opaque
marks of length Lm and the entire disk surface of radius, r, is

δ ≈ λ

(NA)2
(4)

Figure 8. Basic building blocks of an op-
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tical disk system: Wt is width of track.
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trapped. The number of electrons trapped is directly propor-
tional to the intensity of light. To read data, the trapping ma-
terial is exposed to light of another wavelength, which causes
the conduction band electrons to drop by emitting photons of
a third wavelength. The number of photons emitted is propor-
tional to the number of electrons trapped initially. Thus, by
counting the number of photons multiple values can be stored
at a location.

The main limitations of an ETOM are that it requires a
complex read/write head and three different lasers. Further-
more, adding an extra bit for a given location requires twice
as many decibel levels, thus causing the loss in signal-to-
noise ratio.

Holographic Storage. Figure 10 shows the general features
of a holographic data storage system. A hologram is created
by recording the spatial interference pattern of two coherent
beams, called the object beam and the reference beam, which
are usually generated from the same laser source using a
beam splitter and mirror combination. The object beam car-

Data
mark

Semiconductor
laser

Detector
array

ries the information to be recorded while the reference beam
is just a plane wave. The information or the data to be storedFigure 9. Basic building blocks of an optical tape system.
is usually a two-dimensional arrangement (called pages) of
transparent and dark patterns representing binary ones and
zeros. This two-dimensional pattern is displayed in a spatialinsinuating that the depth of focus will be smaller for higher

numerical aperture objective lens. The range of NA usually light modulator (SLM) in the data plane where it is modu-
lated onto the object beam. The object beam interacts with thevaries from 0.4 to 0.6.

Optical Tape. Figure 9 shows the main components of an reference beam in the holographic material to form a fringe
pattern, which is recorded by the material, thus forming theoptical tape which consists of a substrate onto which an active

layer and a dielectric film are sputtered flanked by a back and hologram. When the hologram is illuminated with the original
reference beam, it reconstructs the object beam, thus retriev-a top coating for better reliability. The active layer usually

consists of thin metallic film or dye polymer or phase change ing the information stored in the hologram.
As the hologram recording material becomes thicker, thematerial. Information is hole punched (called marks) into the

active layer by a focused semiconductor laser beam. For data reconstruction becomes particularly sensitive to the angle be-
tween the two interfering beams. Therefore, multiple holo-read out, the tape is scanned by a focused laser beam and the

marks cause the amplitude of the reflected light to vary. grams may be superimposed in the same volume by changing
the angle of incidence of one of the beams: that is, the refer-These variations are detected by a detector array to generate

the appropriate data readout signal. ence beam. This is accomplished by employing another SLM
called the reference plane SLM. Each hologram can be ac-Optical tape is mainly used for high volume storage. It is

so thin that very large amounts of data can be stored in a cessed independently by using an appropriate set of refer-
ence beams.very small volume of it. For instance, optical tape has at least

25 times the volumetric density of CDs. Although magnetic The Bragg effect governs the diffraction from a hologram,
which implies that if the reference beam is applied to the ho-tape is economical, it is not suitable for long-term archiving

because the magnetic medium is degraded by creep, track de- lographic medium at an angle other than that used during
recording, it will not diffract the stored fringe pattern or theformation, and print-through, requiring the transfer of stored

information to a new magnetic tape after a given interval. hologram. Therefore, thousands of holograms can be recorded
in a small volume hologram (on the order of 1011 bit/cm3) us-Optical tape is more durable, does not suffer from print-

through, and is more reliable than the magnetic tape. The ing a reference beam with a Bragg angle unique to each of
the stored patterns. Furthermore, the page-oriented paralleleffective data rate for a magnetic tape is very low since the

read/write process is inherently sequential. On the other access to data in a hologram offers low access times (less than
1 ms) and potentially high data rates (gigabit/s).hand, the effective data rate for an optical tape can be en-

hanced significantly by exploiting parallel read/write chan-
nels as depicted in Fig. 9. Magneto-Optical Storage. Magneto-optical (MO) disk sys-

tems combine the technology of traditional magnetic media,Electron Trapping. Electron trapping optical memory
(ETOM) exploits multilevel encoding through amplitude mod- like hard disk drives, with optical disk technology. MO tech-

nology allows users to pack hundreds of megabytes of data onulation which allows it to store one of several intensity levels
at a given location. For instance, if any of eight amplitude a disk that looks similar to a traditional 3.5 in. floppy disk

and typically comes in a 3.5 in. or 5.25 in. form factor. An MOlevels can be detected reliably, then 3 bits can be stored in a
single location, thus tripling the storage capacity. disk is made of materials that cause it to be highly resistant

to magnetic fields, or coercive force, at room temperature.ETOM usually consists of an active layer of phosphor-like
material coated on a substrate. To store information, the trap- An MO drive writes to the disk using a read/write head

assisted by a laser. A laser heats up the disk surface to itsping material is exposed to light of one wavelength, which
excites electrons into the conduction band where they are Curie point. Then, the read/write head passes over the disk,
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Figure 10. Basic building blocks of a vol-
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ume holography storage system.

polarizing those areas that have been heated by the laser. devices (SEED) operate by changing their optical absorption
characteristics inside the quantum-sized media. NonlinearBecause a laser can be focused on a much narrower field than

a traditional, magnetic read/write head, data written on an devices such as photorefractive materials use techniques like
phase-conjugation and two-beam coupling for optical storage.MO disk with the assistance of a laser results in a very high

data density not available with traditional hard disk drive
technology. During a read operation, the MO drive uses the
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