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Magnetic st orage is essentially an analog medium. The data a PC stores on it, h owever, is digital  
information that is, 1s and 0s. When the drive sends digital information to a magnetic recording head, 
the head cr eates magnetic domains on the sto rage medium with specific polar ities corresponding to 
the positive and negative voltage s the drive  applie s to the head. The flux reversals form the  
boundaries between the areas of positive and negative polarity that the drive controller u ses to 
encode the digital data onto the analog medium. During a read operation, each flu x reversal the drive 
detects generates a po sitive or neg ative pulse t hat the device uses to reconstruct the original binary 
data. 
 
To optimize the placement of flux transitions during magnetic storage, the drive passes the raw d igital 
input data through a device called  an encoder/decoder (endec), which converts the raw bi nary 
information to a waveform designed to optimally pl ace the  flux transitions (pulse s) on the media.  
During a re ad operation, the ende c reverses t he process and decodes the pulse train back into the 
original b inary data. Over the years, severa l schemes for encoding dat a in this manner have been  
developed; some are better or more efficient than others, which you see later in this section. 
 
Other descriptions of th e data enco ding process might be much simpler, but they omit the facts that  
make some of the  issu es related  t o hard driv e reliability so crit ical n amely, timin g. Engineer s and  
designers a re constantly pushing the envelope to stuff more and mo re bits of in formation into the  
limited quantity of ma gnetic flux reversals per inch. Wha t they’ve co me up with,  essentially, is a 
design in which the bits of informa tion are decoded not only from the presence or absence of flux 
reversals, but from the timing between them. The more accurately th ey can time the reversals, the  
more information that can be encoded (and subsequently decoded) from that timing information. 
 
In any form of binary s ignaling, the  use of timing is signif icant. When interpreting  a read or write 
waveform, the timing of each voltage transition event is critical. Timing is what defin es a particular bit 
or transition cell that is, t he time window within which the drive is either writing or reading a transition. 
If the timing is off, a given voltage  transition might be recognized at  the wrong time as being in a  
different cell, which would throw the conversion or encoding off, resulting in bits being missed, added, 
or misinterpreted. To ensure that the timing is precise, the transmitting and receiving devices must be  
in perfect synchronizatio n. For exa mple, if recor ding a 0 is done by pla cing no transition on the  disk 
for a given t ime period or cell, imagine recordin g ten 0 bits in a row you would have  a long period of  
ten time periods or cells with no transitions. 
 
Imagine now that the clock on the encoder was slight ly off time while reading dat a as compared to 
when it was originally written. If it were fast, the  encoder might think that during this long stretch of 10 
cells with no transitions, only 9 cells had actually elapsed. Or if it were slow, it might think that 11 cells 
had elapse d instead. I n either case, this would result in a read error, meaning the bits that  were  
originally written would not be read as bein g the same. To prevent timing errors in drive  
encoding/decoding, perfect synchronization is necessary between the reading and writing processes. 
This synchronization often is accomplished by adding a separate timing signal,  called a clo ck signal, 
to the transmission bet ween the two devices. T he clock and data sign als also can  be combin ed and 
transmitted as a single signal. Most magnetic data encoding schemes use this type of combination of  
clock and data signals. 
 
Adding a clock signal to the data ensures that the communicating devices can accurately interpret the 
individual bit cells. Each bit cell is bounded by two other cells conta ining the clo ck transit ions. By 
sending clock information along with the data, the clo cks remain in sync, even if the medium contains 
a long string of identical 0 bits. Unfortunately, the transition cells used solely for timing take up sp ace 
on the medium that could otherwise be used for data. 
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Because the number of  flux transitions a drive can record in a given sp ace on a particular medium is 
limited by t he physical nature or  density of t he medium and the he ad technolo gy, drive engineers 
have developed various ways of en coding the  data by  using a minimum number of flux rev ersals 
(taking into consideration the fact t hat some flux reversal s used sole ly for clocking are required).  
Signal encoding enables the system to make the maximum use of a given drive hardware technology. 
Although various encoding schemes have been tried, only a few are po pular today. Ove r the years, 
these three basic types have been the most popular: 
 
 Frequency Modulation  
 Modified Frequency Modulation  
 Run Length Limited  
 
FM Encoding 
One of the earliest techniques for encoding data for magnetic storage is called Frequency Modulation 
encoding. This encod ing schemesometimes called Single-Density enco dingwas used in the e arliest 
floppy disk drives installed in PC systems. The original Osborne portable computer, for example, used 
these Single-Density floppy disk drives, which stored about 80KB of data on a single disk. Although it 
was popular until the late 1970s, FM encoding is no longer used. 
 
MFM Encoding 
Modified Frequency Modulation encoding was devised to reduce the number of flux reversals u sed in 
the origina l FM encodin g scheme a nd, therefor e, to pa ck more data onto the d isk. MFM encoding  
minimizes the use of clock transitions, leaving more room for the data. It records clock transitions only 
when a stored 0 bit is preceded by another 0 bit; in all other cases, a clock transitio n is not required. 
Because MFM minimiz es the use of clock tran sitions, it can double th e clock frequency used by F M 
encoding, enabling it to store twice as many data bits in the same number of flux transitions. 
 
Because MFM encoding writes twice as many data bits by using the same number of flux reversals as 
FM, the clock speed of the data is doubled and the drive act ually sees the same nu mber of tota l flux 
reversals as with FM. T his means a drive using MFM encoding reads and writes data at twice th e 
speed of FM, even though the drive sees the flux reversals arriving at the same frequency as in FM. 
 
Because it is twice as e fficient as FM encoding, MFM enco ding also has been called Double-Density 
recording. MFM is used in virtually all PC floppy disk drives today and was used in nearly all PC hard  
disks for a  number of years. Today, virtually all hard disks use variations of RLL encoding, which  
provides even greater efficiency than MFM. 
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RLL Encoding 
Today’s most popular  encoding scheme for hard disks, called Run Length Limited, packs up to  twice 
the information on a given disk t han MFM does and three times as much information as FM. In RLL 
encoding, the drive combines group s of bits into a unit to ge nerate specific patterns of flux reversals.  
By combining the clock and data signals in these patterns, the clock rate can  be further increased 
while maintaining the same basic distance between the flux transitions on the storage medium. 
 
IBM invented RLL enco ding and fir st used th e method in many of its mainframe disk drives. During 
the late 1980s, the PC hard disk industry began using RLL encoding schemes to increase the storage 
capabilities of PC hard disks. To day, virtually every dri ve on the market uses some form of RLL 
encoding. 
 
Instead of e ncoding a single bit, RLL typically encodes a gr oup of data bits at a time. The term Run  
Length Limited is derived from the t wo primary specifications of these codes, which  are the min imum 
number (the run length) and maxi mum number (the run limit) of transitio n cells allowed between two  
actual flux transitions. Several variations of the scheme are achieved by changing th e length and limit 
parameters, but only two have achieved any real popularity: RLL 2,7 and RLL 1,7. 
 
You can even express FM and MF M encoding as a fo rm of RLL. FM can be called  RLL 0,1 because  
as few as zero and as many as one transit ion cells separate two flux tr ansitions. MFM can be called 
RLL 1,3 be cause as fe w as one and as many as three transition ce lls separate t wo flux tran sitions. 
(Although these codes can be expressed as variations of RLL form, it is not common to do so.) 
 
RLL 2,7 was init ially th e most pop ular RLL variati on be cause it  offers a high-den sity ratio with a  
transition detection window that is th e same rela tive size as that in MF M. This method provides high  
storage density and fairly good reliability. In very high-capacity drives, however, RLL 2,7 did n ot prove 
to be reliable enough. Most of today’s highest capacity drives use RLL 1,7 encoding, which offers a  
density ratio 1.27 times that of MFM and a larger transition detection window relative to MFM.  
Because of the larger r elative timing window or cell size w ithin which a transition  can be dete cted, 
RLL 1,7 is a more forgiving and more reliable code, which is important when media and head  
technology are being pushed to their limits. 
 
Another little-used RLL variation called RLL 3, sometimes also  called Advanced RLL (ARLL), allows 
an even higher density ratio than RLL 2,7. Unfortunately, reliability suffered too greatly under the RLL 
3,9 scheme; the method was used by only a few now-obsolete controllers and has all but disappeared. 
Understanding how RLL codes work is difficult without looking at an example. Within a given RLL  
variation, such as RLL 2,7 or 1,7, you can construct any flux transition en coding tables to  
demonstrate how particular groups of bits are encoded into flux transitions. 
In the conversion table, specific groups of data that are 2, 3,  and 4 bits long are translated into strings 
of flux transitions 4, 6, and 8 transition cells long, respectively. The selected transitions for a particular 
bit sequence are desig ned to ensu re that flux t ransitions do not occur too closely together or t oo far 
apart. 
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Limiting how close two flux transitions can be is necessary because of the fixed resolution capabilities 
of the head and storage medium. Li miting how f ar apart two  flux transitions can be ensures tha t the 
clocks in the devices remain in sync. 
 
You might t hink that  en coding a  byte value such as 0000 0001b would be impossible  becau se no  
combinations of data  bit  groups f it t his byte. En coding th is type of byte is no t a pr oblem, however, 
because the controller does not transmit individual bytes; instead, the controller send s whole sectors, 
making encoding su ch a byte possible by including some of the bit s in the following byte. Th e only 
real problem occurs in  the last  byte of a se ctor if additio nal bits are necessary to complete t he final  
group sequence. In these cases, th e endec in the controlle r adds exce ss bits to the end of th e last 
byte. These excess bits are then truncated during any reads so the controller always decodes the last 
byte correctly 
 


