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Lecture 210: Applications of Linear Block Codes

In this lecture we are going to talk about some of the applications of linear block codes.
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QOutline of the lecture

@ Historical timeline

So we will first start with a brief historical timeline of how coding theory has progressed over

years.
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Historical timeline

15BN numbers

BookLand Bar Code

Universal Product Code (LIPC)
Coding for Compact Disc

Coding for Satellite Communication

Coding for Wireless Communications

Then we will start with some basic examples, we start off with ISBN number and BookLand bar
code. Then we will talk about Universal Product Code and European article number. Then we
will talk about some of the applications of error control coding in practice. So we will start off
with applications in compact disc, then we will talk about applications in satellite communication
as well as deep space explorations and finally we will conclude with applications and wireless

communications.
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International Standard Book Number (ISBN)

@ The [SBM is a mne-digit code with 3 tenth digit, a check digit

So what is an ISBN number? An ISBN number is a nine digit code with a 10 digit which is a
check digit. So it is a 10 digit number, you have a nine digit code plus one bit which is a check

bit. So how is this check bit calculated?
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International Standard Book Number (ISBN)

@ The ISBN is a nine-digit code with a tenth digit. a check digit
@ |I5BN use a weighted modulus-11 scheme

This check bit is calculated as follows. It uses a weighted modulus-11 arithmetic.
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International Standard Book Number (ISBN)

@ The ISEN is a nine-digit code with a tenth digit, a check digic.
@ |SBM use g weighted modulus-11 scheme

@ If 3,3, - 3y denates the first nine digits of the ISBN number,
then the tenth digit {check digit) is calculated as follows:

an =& +23z+--+ 93} mod 11

So let us denote the nine bits of ISBN number by ai, a2, a3, and ag, then the tenth bit is calculated
as follows. So ai+2az+3as+4as up to 9a9 modulus-11 will give us the tenth bit. So the tenth bit is

actually a check bit.
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International Standard Book Mumber (ISBN )

@ The I5BM is a mne-digit code with a tenth digit, a check digit.
@ |SBM use o weighted modulus-11 scheme
@ If 3,3, - 3 denotes the first nine digits of the ISBN numbar,

then the tenth digit {r,hr\ch rli;;it:l is calculated as follows

ap = [ +233 +---+9%) mod 11

ISBN is a 10 digit number where the first group identifies the
language /country/ region in which the book s published, the second
group identifies the publisher, the third group identifbes the book
and Lhe last digit is a check sum digit.

An ISBN is typically a 10 digit number where the first group identifies the country region where
the book is published, the second group identifies the publisher and third group identifies the
specific book and finally the last bit is actually a check bit. So let us take an example, let us take
this book. This is one of our reference book that we are using, The Theory of Error Correcting

Codes, by MacWilliams and Slone. So if we look at the ISBN number for this book.
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0444851933
111 rT*err“"T
# The [SBN is a nine-digit code with a tenth digit, a check digit.
@ |SBN use a waighted modulus-11 scheme

@ |l a a, - ay denotes the first mne digiis of tha 1SEN pemier
then the tenth digit (check digit) is calculated as follows:

A = (3 + 23+ -+ 93y) mod 11

Be2dd+ Fhd + i+ 5T 4+ LaSF TRIFT RT3
@ [SBN 53 10 digrl number where the frst group identifies the = Y225,

lamEiage / copilryg regn in wiieh the ook is Lllll,lllf.hl-'lll the secaomd
group identifies the publisher, the third group identifies the book
and the last digit 15 3 chack sum dygit

The ISBN number for this book is 0444851933 okay. So let us check whether — so this is the first
bit, second bit, third bit, fourth bit, fifth bit, sixth bit, seventh bit, eighth bit, and this is the ninth
bit, and this is our check bit okay. So let us check whether this is correct or not. So how is the
check bit calculated? It is a1 so a1 in this case is 0, a2a> that is 4, 3a3 that is 4, 4a4 which is again

4 plus Sast+6ast 7a7+ 8asand 9as okay.

And this comes out to be 102, now 102 modulus 11 is, so 11x9=99 so it will be 3 modulo 11. So
this 102 modulos 11 is going to be 3 and that is precisely our check bit is, okay. Now the

interesting part about these ISBN numbers are that they can detect transposition error.
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International Standard Book Mumber (ISEN)

EETIEF]EY
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# The |5BN is a nine-digit code with a tenth digit, a check di;g‘i}..\

: 1 8 i
@ [SBEM use a weighted modulus-11 scheme 40 FABILT A L

@ |fa, 3, -- 3y denotes the first nine digits of the ISBN number, Y
then the tenth digit (check digit) is calculated as follows: )

310 = (& + 233 +- - +935) maod 1]

e & #3170+ ARG+ L T 0 + EnSH TRIFTRTLI0T

@ [SBEM s a 10 digit number where the first group dentifies the — La_ﬁ.d i

lampuage /country/region in which the book is published, the secamd
group identifies the publisher, the third group identifies the book

and the last digit is 3 check sum digit

b
s

-

So what is the transposition error? So let us say when you are reading this ISBN number with a
bar code reader the most common mistake that happens is the adjacent bits are read wrongly. So
for example this is 0444851933, if it is read like 4044851933 that means these two bits are
changed, this is transposition error. Then this particular code can detect such errors, we can

verify this, let us say this is the number which is being read by the bar code reader.

We try to find out the check bit in this case, so this would be the difference would be here it is
these two things will be changed, because these two bits got, so it will be 4+20 and that would be
98. So this will be 98 mod 11 and what is 98 mod 11, 11x8=88 so that is 10, so that would be X.
Note that this check bit is not matching with the check bit calculated this way. So you can see

this particular ISBN code can detect transposition error.
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International Standard B Number (ISEN)

448517 3 (3]
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@ The |5BN is a nine digit code with a tenth digit, a check dlgl),.\
2 |SEN use a weighted medulus-11 scheme 48 4 519 :3 }\

e |fa. 3, ay denotes the first nine digits of the |SBN number
then the tenth digit (check digit) is calculated as follows:

do=(x +23x+ - +93) mod 11
A & #7140+ TG+ kK95 T + EaSE TRIFT I InE
ISBM ks a 10 digit number where the first group identifies the = i |1
language fcountry/region in which the book is published, the secand
group identifies the publisher, the third group identifies the I:lcu:-k ”*?ir.
and the last digit is & check sum digit, 3

The correct number was 0444851933 and these two bits got interchanged, transposition error

happened and you can see using this ISBN number we are able to detect such errors.
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International Standard Book Number (ISBN)

@ The |5BN is a nine-digit code with a tenth digit, a check digit.
@ |SBN use a weighted modulus-11 schame

@ If 3y, a5, --  a denotes the first mne digits of the 15BN number
then the tenth digit (check digit) is calculated as follows:

ajg = {3 + 23z + -+ 9ag)  mod 11

@ |SBM = a 10 digit nuimber where the first group ientifies the
lampuage country/region in which the book is published, the secand
group identifies the publisher, the third group identifies the book
and the last digit is 3 check sum digit

@ This code can delecl transposiLion error

Okay.
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BooklLand Bar Code

@ By Jan 1 2007, all 10-digit 15BN were replaced by the 13 digit
Boakl and Bar Code

Now by 2007 all these ISBN numbers were replaced by this 13 digit BookLand Bar Code

number and what are these BookLand Bar Code numbers?
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BooklLand Bar C

@ By Jan 1 2007, all 10-digit ISBN were replaced by the 13- digit
BookLand Bar Cade

@ A BookLam Bar Code staris with 978 followsd by the first nine
digits of the |SBN and the 13th digit is a checksum calculated by

BJ__-i- Jut+ eIt at--+apg e+ =0 mod 10 .Il

= e =

So a BookLand Bar Code number starts with 978 and then it is followed by nine digits of ISBN
number and the 13th bit is a check sum which is calculated in this particular way okay. This is

how we are computing the 13™ bit which is the check sum bit.
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BooklLand Bar Code

& By lan 1 2007, all 10 digit 15BN were replaced by the 13- digit
BaaklLand Bar Code

@ A BookLand Bar Code starts with 978 followed by the first nine
digits of the 15BN and the 13th digit is a checksum calculated by

43wttt tan 3t as=0 mod10.
— — e e 1

Now let us look at an example, so let us consider our book. This error control coding by Lynn

Costello and what is its BookLand Bar Code number?



(Refer Slide Time: 07:58)

T - o e AR R I.l_:l
Fo »TO me @ " F?:.-l' = IO O B e e 12

Bookland Bar Code

97%- 81- 217344017,
I R e
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@ By Jan 1 2007, all 10 digit ISBN were replaced by the 13- digit
BookLand Bar Cade

@ A BookLand Bar Code starts waih 978 followed by the first mine
digits of the ISBM and the 13th digit is a checksum calculated by

- e

a?+ Jag+as +3ag +ay b0 Ay +3an b qe =0 mod 10 1

llr'?-"'l'? L B | —H‘i-":l""-l_|-'- j 'P-.':-Tl-h"l 347 |."'|'3-1li

e 4 v -l!a.r.L (L= =g

That is given by 978-81-317-3440-7 so this is the 13 bit digit number which is given by — which
is the ISBN number 13 digit BookLand Bar Code number of this text book that we are using.
Now so this is my ai, this is my ao, this is a3, this is my a4, as, this is ae, a7, as, av, this is aio, this is
ai1, this is aiz,and this is ais. So let us look at whether we are getting the same check bit as

plotted by this.

So let us — so you can see here what we are doing is, all odd digit numbers we are adding them
up right. And all even numbers we are adding them up and multiplying them by 3. So this would
be then 9+ -- let me first take all the odd bit numbers. Odd bit numbers are this, the ones I am
marking by, these are my odd locations right. So this is (9+8+1+1+3+4+7)+3 times the even

numbers, even numbers are this (7, 8, 3, 7, 4, 0) so this is (7+8+3+7+4+0) okay.

And this comes out to be 120 mod 10 which is 0. So as you can see from this example that this
check bit is correct, because ais+ this should be 0 mod 10. So this is the example of a BookLand

Bar Code. And then all the books now have these 13 digit ISBN number.
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Bookland Bar Code

@ By Jan 1 2007, all 10 digit |15BEN were replaced by the 13 digit
Baakl and Bar Code

@ & BookLand Bar Code starts with 978 followsd by the first nine
digits of the 15BN and the 13th digit is a checksum calculated by

dy +3x+as+3ag+ a4+ a3t ay =0 mod 10

@ When all the 10-digit numbers are used, a new prefic (979) will be
started

Now once they will get exhausted with this 978 number they will start numbers with 979.
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Universal Product Code (UPC)

@ The Unversal Product Code s a standandization of barcodes which
were first used in 1973,

Now next application that we are going to talk about is this Universal Product Code. So this was

basically a standardization of all bar codes which was first used in 1973.
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sal Product Code (UPC)

@ The Unversal Product Code s a standardization of barcodes which
were first used in 1973,

@ The are different versions of UPC codes. The two most common are
the 12 digit UPC Wersion A and the B digit UPC Version E

So there are two versions of it, one is this 12 digit UPC version A and the other one is this 8 bit

UPC version E.
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Universal Product Cede (UPC)

@ The Universal Product Code 5 a standardization of barcodes which
were first used in 1973,

@ The are different wersions of UPC codes. The twio most commaon are
the 12 digit UPC Version & and the B digit UPC Version E.

a A Universal Product Cocde consists of 12 dir_;ih:..

So a 12 digit UPC version has consist of 12 digits.
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Universal Product Code | |..|r"|:::l

@ The Universal Product Code s a standardization of barcodes which
wiers first used in 1973
@ [he are diftferent versions of UPC codes. The two most commaon are
the 12 digit UPC Version A and the 8 digit UPC Version E
@ A Universal Product Code consists of 12 digits.
@ The first digit (from the left) s the UPT twpe

The first digit from the left is of UPC type.
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Universal Product Code (UPC)

@ The Universal Product Code = a standardization of barcodes which

were first used in 1973
@ [he are ditterent versions of UPL codes. The two most common are

the 12 digit UPC Version & and the 8 digit UPC Version E

@ A Universal Product Code consists of 12 digits.
a The first digit {from the left) is the UPC type.
@ The next five digits are the Manufacturer code.

Next five digits are manufactured code.
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Universal Produet C

@ The Universal Product Code is o standardization of barcodes which
wiera first used in 1973
@ The are difterent versions of UPLC codes.
tha 12 digit UPC Version A and the 8 digit UPC Version E
@ A Universal Product Code consists of 12 digits.
@ The first digit (from the left) i the UPC tvpe.

# The next five digits are the Manufacturer code.
a The next frve digits are the product code which s assigned by the

I'he two most common are

rriAtulactwper

The next five digits are actually the product codes which are assigned by the manufacture.
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@ The Unwersal Product Code is a standardizaton of barcodes which
were first used in 1973,

@ The are different versions of UPC codes. The bwa most Comman are
the 12 digit UPC Version A and the 8 digit UPC Version E
@ A Universal Product Code consists of 12 digits
& Tha first digit (frem the laft) is the UPC type

a The next five digits are the Manufacturer code
# he next five digits are the product codoe which s assigned by the

manufacturer.
a The final digit i= the chack digit

And the final digit is the check bit. So that is what we are going to use for error detection.

how is this check bit computed?

So
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@ The checked bit of a UPC can be calculated as follows
Step 1= All digits in the odd positions are summed together

So this check bit is computed as follows. All digits in the odd positions are summed up. So you
have this UPC number which is like ai, a2, a3, a4 up to ai2, then what you are going to do is you

are going to add up all the odd numbers in the odd location it is a1, a3, as like that.
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Universal Product Code (UPC)

@ The checked bit of a UPC can be calculated as follws

Step 1: All digits in the odd positions are summed together
Step 7 Multiply the sum from Step 1 by 3

Step 3 All digits in the sven positinrs are summesd lagether

And multiply the sum by 3, so you are going to multiply the sum of the odd numbers at the odd
location by 3, and to that you are going to add all the digits in the even position. So it will be
three times ai+axtastas and + axtastae like that. So you are going to add the number, so

essentially you are weighing the numbers multiplying by 3, 1, 3, 1, like that.
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Universal Product Cede (UPC)
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@ The checked bit of a UPC can be calculated as follows

Step 1= All digits in the odd positions are summed together

Step 2 Multiply the sum from ﬁmp 1 by 3

Step 4 All digits in the even positions ane summed together

Step 4 Sum tagether the results from Step 2 and Step 3

Step 5 Subtract the sum from the nest highest multiple of 10 to calculate
the check digit.

And you are going to add them all up and subtract the sum that you get from the next highest
multiple of 10. So what I am saying is, so you have this 3(aitast+as+as+aii)+ you have this
(aztast...... ) you have these when you add them all up plus your 12 bit number, this is your —
that should add up to 0 modulo 10 okay. So the odd bit numbers are multiplied by 3, even bit

numbers are just added up.

If you add those 11 bits, then the 12" bit which is the check bit should be such that sum of this

weighted sum should be 0 modulo 10.
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Universal Product Code (UPC)

@ The checked bit of 3 UPC can be calculated as follows

Step 1o All digits in the odd positions are summed together

Step 2 Multiply the sum from ‘_:ll.l.‘.P 1hy 3

Step 4 All digits in the even positions are summed together

Step 40 Sum together the resylts from Step 2 ond Step 3

Step 5 Subtract the sum froem the next highest moltiple of 10 to caloulate

the check digit.

@ It can be verified if the UPC is valid by observing the sum; 5 in Step

4. The sum, 5, should be s =0 [ mad 10).

And that is your UPC code. So the sum that you should get should be 0 modulo 10, sum of all
the 12 bit numbers. So three times ai+ax+3a3+a4 up to 3aii+ai2 should be zero modulo 10 in case

of UPC 12 bit, UPC code.
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Universal Product Code (UPC)

@ The checked bit of a UPC can be calculated as follows

Step 1o All digits in the odd positions are summed together

Step 2 Multiply the sum from Step 1 by 3

Step 4 All digits in the even positions are summed together

Step 40 Sum together the resylts from Step 2 ond Step 3

Step 5 Subtract the sum froem the next highest moltiple of 10 to caloulate

the check digit.

@ It can be verified if the UPC is valid by observing the sum; 5 in Step

4. The sum, 5, should be s =0 [ mad 10).
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European Article Number (EAN)

@ It is a superset of the ariginal 12-digit Universal Product Code

[UPLC).

Now a superset of this UPC code 12 bit UPC code is this 13 bit European article number.
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European Article Number (EAN)

@ |5 a supersel of the original 12-digit Universal Product Code
(LUPC).

@ In EAN-13 the symbal encades 13 numerals divided into four parrs:

» System code, the first two ar three digits, usually identifying the
country in which the manufacturer is registerad

So what is this 13 bit European article number, so it has four parts?
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European Article Number (EAN)

@ |t is a superset of the original 12-digit Universal Product Code
(UPC)
@ In EAN-13 the symbel encodes 13 numerals divided into four parts
@ stl_rn'!_rnd-e_ the first two or three digits, usually identifying the
country in which the manufacturer is rogistered

So fist is system code which is first two or three bits which identities a country where the product

has been manufactured
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European Article Number (EAN)

@ |t is a superset of the original 12-digit Universal Product Code
(UPC)
@ In EAN-13 the symbal encodes 13 numerals divided into four parts
@ System code, the first two or three digits, usually identifying the
country in which the manufacturer is registered
o Manufacturer code, consisting of four five or six digits depending on
the length of the system or country code.

Then you have manufacturer code which is four to six bits
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European Article Number (EAN)

@ It is a superset of the original 12-digit Universal Product Code
{URC).
@ |n EAN-13 the symbol encodes 13 numerals divided into four parts:
@ System code, the first two or three digits, usually identifying the
country in which the manufacturer is registered.
@ Manufacturer code, consisting of four.five or six digits depending on
the length of the system or country code
@ Product code, consisting of five digits

And then you have the product code which consists of five bits
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European Article Number (EAN)

@ |t is a superset of the original 12-digit Universal Product Code
(UPC).
@ In EAN-13 the symbol encodes 13 numerals divided into four parts:
@ System code, the first two or three digits, usually identifying the
country in which the manufacturer is registered.

@ Manufacturer code, consisting of four five or six digits depending on
the length of the system or country code

@ Product code, consisting of five digits

@ Check chalt, a 5ing|e checksum digll The check digit It Dumpute:l
module 10, where the weights in the checksim calculation alternate
1and 3.

And finally you have one check bit and this check bit is computed modulo ten where the weights
in the checksum calculate, calculation alternate between 1 and 3 now what do I mean by tha,t so
you have this 13 bit number, ai,a2,13, S0 what you are going to do is these bits in the odd location
you multiply by 1 and bits in the even location you multiply by 3, and the modular sum of that
should add up to 0 mod 10.
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European Article Number (EAN)

Q43 - -- i3

@ It is a superset of the original 12-digit Universal Product Code
{UPC)
@ In EAN-13 the symbaol encodes 13 numerals divided into four parts:
@ System code, the first two or three digits, usually identifying the
country in which the manufacturer is registered.
& Manufacturer code. consisting of four five or six digits depending on
the length ot the system or country code
@ Product code, rnnl:i!:ting ot five rligltc
o Check digit, a single checksum digit. The check digit is computed
modulo 10, where the weights in the checksum calculation alternate
1 and 3.
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Coding for Compact Disc (CD)

CD Basics:

@ The recording medium for CD players is a plastic disc 120 mm in
diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser

So let us look at an example to
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European Article Number (EAN)

Q43 - -- i3

@ It is a superset of the original 12-digit Universal Product Code
{UPC)
@ In EAN-13 the symbaol encodes 13 numerals divided into four parts:
@ System code, the first two or three digits, usually identifying the
country in which the manufacturer is registered.
& Manufacturer code. consisting of four five or six digits depending on
the length ot the system or country code
@ Product code, fDI’“:i!.'tII'IE ot five rligltc
o Check digit, a single checksum digit. The check digit is computed
modulo 10, where the weights in the checksum calculation alternate
1 and 3.

[lustrate that, okay let us look at an example to illustrate that so I have this Britannia bonbon

biscuit right and what is this European article number for this,
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European Article Number (EAN)

A dy - -- iz
S Yoloen 1331240
@ |t is a superset of the original 12-digit Universal Produet Cade
(UPC)
@ In EAN-13 the symbaol encodes 13 numerals divided into four parts:

@ System code, the first two or three digits. usually identifying the
country in which the manufacturer is registered

=+ Manufacturer code, consisting of four five or six digits depending on
the length of the system or country code.

@ Product code, consisting of five digits.

@ Check digit, a single checksum digit. The check digit is computed
module 10, where the weights in the checksum calculation alternate
1 and 3. . == - e

- % (3+0+0+3+3+1+0 )+
3'ﬁC‘3+| +l+i+9+9) = 120 “_"ﬁ;u

So European article number for thisis 8901063 1391 90, so this is my 13 bit, you can see
1,2,3,4,5,6,7,8,10,11,12,13 so these 13 bit European article number. Now let us see whether this
checksum bit is correct so what do we need to do, we need to add odd bits and we need to add
the even bits, the bits in the even location and multiply them by three, so let us first mark the bits
in the odd location, this is 0, 3, 3, 1, 0, okay and what are the bits in the even location, that is
marked with this blue pen okay. So let us add up so again the check bit is computed modular ten
where weights in the checksum calculation alternate between 1 and 3, so what do I mean by that

so every odd bit I multiply by 1 and every even bit I, bits at the even location I multiply by three.

So let me first add up the numbers in the odd location, so that is 8+0+0+3+3+1+0, this will
multiplied by 1 + 3 times numbers in the even location, that is 9+1+6+1+9+9. 9, 1, 6, 1, 9, 9,
and this comes out to be 120 and 120 mod 10 is 0, so you can see that, that checksum bit is
correct. So you can see from the examples that we have done so far the last bit in all these are our

check bit which can be used for error deduction.
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European Article Number (EAN)

ay B R e ‘T“

3
| 0

230106321321
: 1:,]7—__‘.‘_ BT :
@ |t is a superset of the original 12-digit Universal Product Code
(UPC)
@ In EAN-13 the symbol encodes 13 numerals divided into four parts:
@ System code, the first two or three digits, usually identifying the
country in which the manufacturer is registered
@ Manufacturer code, consisting of four five or six digits depending on
the length of the system or country code.
@ Product code, consisting of five digits.
= Check digit, a single checksum digit. The check digit is computed
modulo 10, where the weights in the checksum caleulation alternate
1 and 3.

% (9 +0+0+3+3+41+0)+

3r(g+1+{+1+2+9) = 1_;%;2'.&010

Now this code also can easily find out the transposition error, for example if these two bits would
have got exchanged then what would have happened, then here this would have been these things
would have changed this would have become 9 and this would have become an 8, so this would
have been, this would have changed the sum would have changed so earlier it was 9 times 3, now
it is 24 three less and there is one more, so now two less, so this would have become 118 and this
is not 0 modulo 10. So you can see this code can correct, can, can detect transposition error and
these are the most common error which happen when you are trying to read these bar codes

okay. Now let us now move to some other.
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Coding for Compact Disc (CD)

CD Basics:

@ The recording medium for CD players is a plastic disc 120 mm in
diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser.

Applications, so we start with application of error control coding in CD’s, you are familiar with

CD disc, it is basically.
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Coding for Compact Disc (CD)

CD Basics:

@ The recording medium for CD players is a plastic disc 120 mm in
diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser.

A plastic disc of 120 mm in diameter and it can be used for storing digital audio, video data
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Coding for Compact Disc (CD)

CD Basies:
@ The recording medium for CD players is a plastic disc 120 mm in

diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser.

@ The audio waveform is sampled at 44.1 k samples/s to provide a
listening, bandwidth of 20 kHz.

e e

Now the audio signal is sampled at 41.1 k samples/s and it provides a listening bandwidth of 20
kHz.
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Coding for Compact Disc (CD)

CD Basics:

# The recording medium for CO players 5 a plastic dise 120 mm in
diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser.

@ The audio waveform is sampled at 44.1 k samples/'s to provide a
listening bandwidth of 20 kHz.

@ Each audio sample & uniformly quantized to one of 256 levels

Each audio sample is sample to quantized to one of the 256 levels



(Refer Slide Time: 20:50)

=iB0 s eRssAARAR QS
Fu T2 mes o -omunENEEEEL LN w0

Coding for Compact Disc (CD)

CD Basies:

@ The recording medium for CD players is a plastic dise 120 mm in
diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser.

@ The audio waveform is sampled at 44.1 k samples//s to provide a
listening bandwidth of 20 kHz

@ Each audio sample s uniformly quantized to one of 256 levels

@ The resulting dynamic range is 96 dB and the total harmanic
distortion is less than 0.005 .

Which provides a dynamic range of 96dB and harmonic distortion of less than .005
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CD Basics:

@ The recording medium for CD players is a plastic disc 120 mm in
diameter used to store digitized audio in the form of minute pits
that are aptically scanned by a laser

@ The audio wavelorm is sampled al 441 k samples/s to provide a
listening bandwidth of 20 kHa.

@ Each audio sample is uniformly quantized to one of 256 levels.

@ The resulting dynamic range is 96 dB and the total harmonic
distartion is |ess than 0.005

& Sources of channel errors:

Now what are the sources of error in a CD disc?



(Refer Slide Time: 21:04)

™ o 3 L G5 e Bl B R B0 \l:
70 TS omuE ) & @-=BEBENDE N L | et 2

Coding for Compact Disc (CD)

CD Basics:

@ The recording medium for CD players is a plastic disc 120 mm in
diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser

@ The audio waveform s sampled at 44.1 k samples/s to provide a
listening bandwidth of 20 kHz.

@ Each audio sample is uniformly quantized to one of 256 levels,

@ The resulting dynamic range is 96 dB and the total harmonic
distartion s less than 0.005

@ Sources of channel errors:

@ small unwanted particles, air bubhles, or pit inaccuracies from the
manufacturing process, and

So there could be small unwanted particle, dust particles or there could be some air bubbles or

things like that which could have happened during manufacturing of these CD’s
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Coding for Compact D

CD Basics:

@ The recording medium for CD players is a plastic disc 120 mm in
diameter used to store digitized audio in the form of minute pits
that are optically scanned by a laser

@ The audio waveform is sampled at 44.1 k samples/s o provide a
listening bandwidth of 20 kHz.

@ Each audio sample is uniformly guantized to one of 256 levels.

@ The resulting dynamic range is 96 dB and the total harmonic
distartion is less than 0.005

@ Sources of channel errors:

@ small unwanted particles, air bubhles, or pit inaccuracies from the
manutacturing process, and
@ fingerprints, scratches, or dust particles from handling.

Or fingerprints, scratches, dust particles from handling the CD, so how does a CD corrects or
these kinds of errors? You must have noticed even if you have, your CD has small scratches but

still your CD plays, so how does it happen?
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Coding for Compact Disc (CD)

Little bit of history:

@ At the time of the first meetings between Philips and Sony, Philips
had nearly perfected the optics of its compact disc players, but
Philips' engineers were having serious problems controlling errors.

This happens because of a very powerful error control coding which is used in the CD’s, so little
bit of history basically Philips and Sony were experimenting with this optical disc and Philips

engineers had a lot of problems controlling errors.
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Coding for Compact Disc (CD)

Little bit of history:
@ At the time of the first meetings between Philips and Sony, Philips
had nearly perfected the optics of its compact disc players, but
Philips' engineers were having sericus problems controlling errars.

@ The slightest scratch or dust particle would obliterate hundreds of
bit=,

In the disc and even if there would have been small scratches or dust particles the whole data

would essentially you know go away
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Coding for Compact Disc (CD)

Little bit of history:

@ At the time of the first meetings between Philips and Sony, Philips
had neardy perfected the optics of its compact disc players, but
Philips' engineers were having serious problems controlling errors.

@ The slightest scratch or dust particle would obliterate hundreds of
bits,

@ Philips was very careful in its demonstrations to play anby
exceptionally clean discs because its protolype could not tolerate the
smallest dust particles, much less scratches and fingerprints.

So whenever Philips were demonstrating the CD they were very careful, they were just
demonstrating with very, very clean CD’s and which did have any scratches and things like that

and what Philips.
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Coding for Compact Disc (CD)

Little bit of history:
@ At the time of the first mestings between Philips and Sony, Philips

had nearly perfected the optics of its compact disc players, but
Philips' engineers wers having serious problems controlling errors

@ The slightest scrateh or dust particle would obliterate hundreds of
bits.

@ Philips was very careful in its demonstrations to play only
exceptionally clean discs because its prototype could not tolerate the
smallest dust particles, much less scratches and hingerprints.

@ Philips had tried a comvolutional code because of the high coding
gain promised by this Lype of code.

Was actually doing was they were trying a convolutional code to correct errors because of high
coding gain provided by that but the problem is this storage channel is like an erasure channels,
if there is scratch or something like that there are neighboring bits which get affected and the
data there is erased, so convolutional codes are not good in correcting erasures and that is why

they were initially not successful.
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Little bit of history:

a At the time of the first meetings between Philips and Sony, Philips
had nearly perfected the optics of its compact disc players, but
Philips' engineers were having serious problems controlling errars

@ The slightest scrateh or dust particle would obliterate hundreds of
bits.

@ Philips was very careful in its demonstrations to play anly
exceptionally clean discs because its prototype could not tolerate the
smallest dust particles, much less scratches and hingerprints

@ Philips had tried & convolutional code because of the high coding
gain promised by this type of code

@ Unfortunately, the compact dise was basically a bursterrar channel
and the convolutional code failed to correct bursts.

So as I said the problem was this storage media was a burst error correct burst channel, and

convolutional codes were not good in correcting burst error, so there comes
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[_['1¢'|1'|‘|;.._|T for Compact Disc (CD)

@ After a year of design mestings, Sony and Philips adepted a
powerful error control scheme called the cross-interleave
Reed-Solomon code {CIRC).

Reed-Solomon code and so the CD’s used are basically across interleave Reed-Solomon codes
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Coding for Compact Disc (CD)

@ After a year of design meetings, Sony and Philips adopted a
powerful error control scheme called the eross-interleave
Reed-Salomon eode {CIRC)

@ The CIRC controls errors through a hierarchy of four technigues:

@ The decoder provides a level of forward emor correction.
@ T the error burst exceeds the capability of forward error correction,
the decoder provides o level of erasure correction.

And there is you know four set of kind of hierarchy as far as error control and deduction is
concerned, so there is an inherent forward error correction because of these Reed-Solomon code,
but this the error burst exceeds the capability of the error correcting capability of the code, then
the decoder also provides a level of erasure correction so there is a, in addition to error correction
there is also an erasure correction and erasure is you know bunch of neighboring bits just getting
erased and not just not being able to recover, so the decoder has this capability, if the error

corrections fails this, at second level the decoder can do erasure correction and try to recover
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Coding for Compact Disc (CD)

@ After a year of design meetings. Sony and Philips adopted a
powerful error control scheme called the cross-interleave
Reed-Soloman code {CIRC).

@ The CIRC controls errors through a hierarchy of four techniques:

@ The decoder provides a level of forward error correction

a If the arror hurst swcends the capability of forward errar carrection
the decoder provides a level of erasure correction

@ If the error burst exceeds the capability of erasure correction, the
decoder hides unreliable samples by interpolating between reliable
neighbors.

Those data, third is if the error burst exceeds the capability of erasure correction then what it
does is it tries to do some sort of an interpolation between reliable neighbors so as to interpolate
what the data is, and if even interpolation fails then basically the decoder just blanks out and you
will hear, like kind of a you know mute sound when the error is big enough that even the

interpolation cannot work.
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Coding for Compact Disc (CD)

The resulting performance of the CIRC s herme
# Error correction: error burst of length up to 4000 bits (2.5 mm long

scratch)
@ Errar detection. ermor burst of length up w 12000 bits (75 mm leng
scratch|
2 the lost samples are reconstructed using interpolation F
@ Error rate upto 1077
# |ndetected errors occur approximately every 750 hours.
@ The compact disc can endure B mm hr:\lns punched through the disc

withoult noticeable effect.

So a CD disc can correct error burst up to 4000 bits, so try putting a scratch of 2.5mm, your CD
will still work, I can guarantee that, it can detect error up to 12000 bits so it can detect errors of
up to 27.5mm long scratch, and of course as I said if the error burst exceeds the capability of
erasure correction then it tries to do interpolation to get back those steps, and unrated error
happens very rarely, it happens every like 750 hours so. So there is a very powerful error

correcting codes which are used in, in CD.

And interestingly even these compact disc scan withstands small punch holes in it, you can try
putting a 8mm hole into your CD and still it would be able to you know correct the errors in the

data and the CD will still work.
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Coding for satellite communications

In 2005 DVE-52 became the hirst standard to adopt LDPC codes,
It is the de-facto standard for high-speed satallite communication
Throughputs am typically less than 100 Mbit /s an the air intarface

b 8 € ®

Together with an outer BCH decoder, the forward emor correction of
the DWB-52 standard achieves an outstanding error correction
perfarmance,

@ Blocklength: 16200, Supported rates: 1/5, 1/3, 2/5, 4/9, 3/5, 2/3,

L1/15, 779, 37 /46, 879 g 3

@ Blockiength: 64800 Supported rates: 174, 1/3, 2/5, 1/2, 3/5, 2/3,
3/4, 4/5.5/6,8/9, 9,10 SR b S

Now let us move to application for in satellite communication, so there is a standard D, digital
video broadcasting is too standard which was one of the first standards to adopt low density
parity check codes as their standard, so it is a de-facto standard for high speed satellite
communication where typical through put is less than 100 Mbits/s, now it uses as an outer code
BCH code along with the inner LDPC codes and it can support variety of block sizes so it arise,

it can support a block size of 16,200.

And these are the various code rates that have been supported, so LDCP codes of rate so these
are the various rates which have been supported by this standard, similarly for block size of

64,800 these are the various code rates that has been supported in this standard.
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Coding for satellite communications

@ DVE-52X is the next generation satellite transmission standard
wihich s an extended version ol ks well-esiablishsl] prededessor
PVB-52

— - - —. |

Now there is another standard which is abradation of this DVB is 2 standards quality VB is 2x

which is an extended version of DVB-S2 standard.
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Coding for satellite communications

@ [WB-52% is the next generation satellite transmission standard
which i= an estended version ot its well established predecessor
DvB-52
& The new specificanion allows for spectral efficiency gains of up o
50% by offering higher modulations and a finer code rate granularity
compared to DVB-52.
¥
@ Blocklength: 16200. Supparted rates:t1 /5, 1/3, 2/5, 4/9, 3/5, 2/3,
11/15, 7/9, 37/45, 8/9)DVE-52) I:'J'J_H‘J. 4715, 14/45, 7/15, 8/15
26/45, 312/45 {DVB-52X) = e 5

And it allows more final rates of LDCP codes, so you can see for the block length of 16,200
these were the rates which were supported by DVB- S2, now the DVB-S2x can support further

these rates, so it provides a much finer code rate granularity compared to DVB-S2 standard.
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|:|:nﬂ|r‘|;-'__'_' for satellite communications

@ DVBE-52K 5 the next generation satellite transmission standard
which is an extended version of its well established predecessor
DVB-52

@ The new specilication allows for spectral efliciency gatns of up Lo
Hi% by offering higher madulations and a finer code rate granularity
compared to DWVB-52.

@ Blocklength: 16200. Supported rates: 1/5, 1/3, 2/5, 4/9, 3/5, 2/3,
11/15, 7/0, 37 /45, 8/9 (DVB-52). 11/445, 4/15, 14/45, ¥/15. 8/15.
26/45, 12/45 (DVE-52X)

@ Blocklength: 64800, Supported rates. 1/4. 1/3, 2/5, 1/2, 3/5. 2/3.
3/4, 4/5, 5/6, B/9,9/10 (ODVB 52]..!__};{_% 13/45, 9720, 90/1E0,
96,/180, 11/20, 100/180, 26/45, 18/30, 28/45, 23/36, 116,180,
20430, 1_:"!4,-'150. 25/36, 128,180, 13/18, 22/30, 135/180, 7/4,
154,180 FDVB-SEX}

Now similarly for block size of 64,800 you can see these rates that you see here from here

starting from here, these rates were not supported in DVB-S2 which are supported in DVB-S2x.
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Coding for Deep Space Applications

@ The CCHDS5 (The Consultative Committee tor Space Data Systems)
puldished an " expenmental specification” for near-earth and desp
space communication in 2007,

@ In 2011 the | DPC codes were adopted a5 " recommended stapdand”

% Mo | Blocksize | Information Word | Code Rate
1 BL76 | 7154 7/H |
z 1280 | 1024 | &5 | [
3 1536 | 1024 | - T I
) 7048 1024 | T | J.’
5 5120 4096 475 / i
& 6144 f096 | 2/3 | | L
7 5192 086, el I
8 20480 | 16384 T 4/5 | |
] RECTT 16384 2/3 i ]
10 32708 | 1b384 |, x Tl

What about these space exploration, now NASA again has specified as recommended standard
so these codes that you see here, these are space up, have been prescribed for D space
communication and this is for near earth communication so it is for D space communication it
up, it supports 3 different block length, information block length 1024, 4096 and 16,384, so these
3 different information block length can be supported and these are the various rates which have

been supported, so correspondingly these are the block sizes that you will get.
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Coding for Local/Metropolitan Area Netwarks

@ The |[EEE 802.3 standard defines 10 gigabit Ethernet and was first
published in 2002.

@ In 2006 the IEEE B02? lan standard was released as an amendment
to |IEEE 802,.3-2005.

# This amendment (10 GEASE-T) defines the 10 gigabit transmission

over shielded or unshielded twisted pair cables for distances of up 10
100 m. |t wses LDPC codes for torward errar correction.

Now for 10 gigabits Ethernet also LDPC codes have been suggested, so LDPC codes have been

use for forward error correction here, for 10 gigabits Ethernet transmission over Ethernet.
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Coding for Local /I spolitan Area Networks

@ The |[ECE B02.3 standard defines L0 gigabit Cthernet and was first
pubdished n 2002,

@ |n 2006 the IEEE 802.3an standard was released as an amendment
Lo |IEEE 802 32005,

@ [his amendment (10 GEBASE-T) delines Lhe 10 gigabil Lransmission
owver shiclded ar unshiclded twisted pair cables for distances of up ta
100 m. |t uses LDPU codes bor lorward error correction

@ The |[EEE #02.3an amendment was consalidated into IEEE
B02.3-2004.

@ 10 GBASE-T contains a special class of LOPC codes (so-called
Feed-Solormon code i used to define the generator matric of the

LOPC cade. The LOPC code construction methad guarantees that
na cycles of length faur are contained within the Tanner graph.

And it uses Reed-Solomon code based LDPC code so the Reed-Solomon code is used to define
the generator matrix of LDPC code, and this construction and it shows that there is no cycle, 4

cycles in the LDPC code.
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Cading in Wireless Communications

@ |EEE 802.11n is the successor of the IEEE 802.11a/b/g standards.
It is particularly designed tor higher throughputs

Now let us move to applications in Wifi, so IEEE 802.11n which is a successor of IEEE
802.11a/b and g. and it supports.
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vding in Wireless Communications

@ |IEEE 802.11n is the successor of the IEEE 802.11a/b/g standards.
It is particularly designed for higher throughputs.

@ In contrast to the previous IEEE 802 11 standards, 11n can use
multiple antennas (MIMO) allowing for the transmission of muoltiple
data streams in parallel.

@ Tha throughput of each data stream can be as high as 150 Mbit /s
on the air interface. With 2 maximum of four antennas up LD:&W
Mbit/s are defined within the standard.

Multiple antennas for transmission, so you could get about 150Mbps in each data stream, if you

use four antennas can get up to 600 Mbps
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@ |EEE 802.11n is the successor of the |IEEE 802.11a/h/ g standards.
It is particularly designed for higher throughputs

@ In contrast to the previous |EEE 802.11 standards, 11n can use
multiple antennas (MIMO) allowing for the transmission of multiple
data streams in parallel

@ The throughput of sach data stream can be as high as 150 Mbit/s
on the air interface. With a maximum of four antennas up to GO0
Mbit /s are defined within the standard

@ |EEE 802.11n defines twelve LOPC codes. Convolutional coding =
mandatory, usage of LDPC coding is optional

@ The |EEE 802 11n codes are reused within the I[EEE 802.11ac
standard that is intended to further increase the transmission speed.

@ Blocklength: 648. Supported rates: 1/2, 2/3, 3/4, 5/6
@ Blocklength- 'I.I."}ﬁ_ Supported rates: 1/2, 2/3, 3/4, 5/6 -

Now here twelve different LDPC codes have been suggested, now use of LDPC codes in, in this
standard is optional, the mandatory requirement is convolutional code. But they have specified
LDPC codes which, which are optional which can be used and then these codes have been

further reused in this standard 802.11ac to further increase the transmission rate.
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Coding in Wireless Communications

@ |EEE B02.11n is the successor of the IEEE BO2 11a/h/g standards
It is particularly designed for higher throughputs

& |n contrast to the previous |EEE 80211 standards, 1ln can use
multiple antennas (MIMZ) allowing for the transmission of multiple
data strearms in parallel.

@ The throughput of sach data stream can be as high as 150 Mbit/s
an the air intertace. With a maximuom of four antennas up to 600
hbit /s are dehined within the standard.

@ |[EEE 802.11n defines twelve LDPC codes, Convalutional coding is
mandatery, usage of LOPC coding is aptional

& The IEEE 802.11n codes are reused within the |EEE 802.11ac
standard that is intended to further increase the transmission speed. ¥

@ Blocklength: 048, Supported rates: 1/2, 2/3 3/4, 5/6

@ Blocklength: 1286. Supported rates: 1/2, 2/3, 3/4, 5/6 .

So I list here some of the block lengths which have been supported. So block lengths 648 and
these are the various code rates supported here. Similarly, for a block length of 1296 these are

the various code rates which have been supported.
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Coding in Wireless Communications

a |[EEE 802.15.3-2003 is a standard for high data rate wireless
persanal area networks (WEAN)

@ The |EEE 802 15 3¢ 2008 amendment describas an alternative PHY
layer to the |EEE 802.15.3-2003 standard. The new mmWave PHY
layer operates in the 60 GHz band [.5? - B4 GHz) and allows for air
throughputs of up to 5 Ghit/s.

Then we have IEEE 802.15 which is a standard for wireless personal area network. Here also
there is a new PHY layer which is based on millimeter wave in 60GHz band which allows

throughput up to 5 Gbit/s.
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Coding in Wireless Communications

@ |EEE 802 15.3-2003 is a standard for high data rate wircless
personal ares nebworks (WERAN).

@ The |[EEE 802.15.3c-2000 amendment describes an alternative PHY
layer to the |EEE B0Z2.15.3-2003 standard. The new mmWave PHY
layer operates in the 60 GHz band (57 - 64 GHz) and allows for air
throughputs of up to 5 Ghit/s.

@ The standard uses LOPC codes for these high data rale modes. In
particular, the single carrier (SC) mode and the high speed interface
{H51) mode use LDPC codes.

@ The standard defines five LDPC codes with two block lengths. In
order to satisfy the high throughput requirements, special decoder
architectures with an increased parallelism become mandatory.

@ Blocklength: 672. Supported rates: 1/2 3/4, 5/8, 7/8.

Now here LDPC codes have been suggested, now five different LDPC codes for two different
block length have been suggested. Now typically the block size here is smaller so as to ensure
and also there is architecture research that because we have to get five throughput up to 5 Gbit/s,

so architecture research that there is lot of parallelism and the decoder.
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ommunications

a |EEE 802.15.3-2003 is a standard for high data rate wireless
persanal area networks I;WI-’AN}

@ The IEEE 802.15 3¢ 2009 amendmant deseribes an alternative PHY
layer to the |EEE B802.15.3-2003 standard. The new mmWawve PHY
layer aperates in the 680 GHz band (57 - 64 GHz) and allows for air
throughputs of up to 5 Gbit/s.

@ The standard uses LDPC codes for these high data rate mades, In
particular, the single carrier (5C) mode and the high speed interface
{H5I) made use LDPC codes

@ The standard defines five LDPC codes with two block lengths. In
oreder to satisfy the high throughput requirements, special decoder
architectures with an increased parallelism become mandatory

@ Blocklength: E Supported rates: L"::!';"'l-&' .'EI.-'i:I_ﬂ

@ Blocklength: 1440. Supported rates: 14/15.

Can be implemented in parallel, so the rates which have supported, so block size 672 and these
are the rate code rates which are supported here. Similarly for block length of 1440 a code rate of
14/15 has been supported.
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Coding in Wireless Communications

@ Along with DVEB-52 and the drafts of IEEE BO2.11n, Maobile WiMAX
(Woarldwide Interaperability for Microwawe Access) was ane af the
first standards to adopt LDPC codes for Torward error correction.

a Mabile WiMAX was first defined in IEEE B02. L6e-2005 as an
amendment to IEEE B2 16-2004, and later consalidated inta IEEE
802.16-2009.

@ The throughputs of WiMAX systems are typically much less than
100 Mbit/s. Using the LDPC codes s optional
@ The standard offers the highest block length flexibility of all

standards that apply LDPC codes. Overall 19 block lengths are
defined

@ Each block length comes with lour code rates. All in all, 114 LDPC

codes are contained within the WiMAX standard. However, only six
parity check matrices are used to derive all other matrices.

Now another standard where LDPC codes have been used has been from very beginning is this
WiMax and there are lots of codes which have been defined in this WiMax standard, again use of
LDPC code is optional here, but they have suggested lot of flexibility as far as block length is
concerned and 19 different block lengths have been considered and various different rates have
been considered. Total of 114 LDPC codes have been you know defined or contained in this

WiMax standard.
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Coding in Wireless Communications

@ Alang with DVB-52 and the drafts of IEEE B02.11n, Mobile WilMAX
{Worldwide Interoperability for Microwave Access) was one of the
first standards to adopt | DPC codes for forward error carrection

@ Maobile WIMAX was first defined in IEEE 802, 16e-2005 as an
amendment to |IEEE B02.16-2004, and later consolidated into IEEE
B2 16-20009.

@ The throughputs of WIMAX systems are typically much less than
100 Mhit/s. Using the LOPLC codes is optional

@ The standard offers the highest bleck length fleability of all
standards that apply LDPC codes. Owverall 19 block lengths are
definad.

@ Each hlock length comes with four code rates, All in all, 114 LDPC
codes are contained within the WiMAX standard. However, only six
parity check matrices are used to derive all other matrices

@ The usage of LDPC coding 1% optional, only convolutional coding s
mandatory. _

And as I said, here also the use of LDPC codes is optional; the mandatory requirement is

convolutional code.
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Coding in Wireless Communications

& |[EEE B02.22 15 a standard for wireless broadband access that uses
the so-called white spaces between occupied channels in the TV
frequency spectrum

And finally I will conclude this discussion with IEEE 802.22 standard which is basically for

cognitive radio opportunistic access over TV white spaces.
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Coding in Wireless Communications

@ IEEE 802.22 is a standard for wireless broadband access that uses
the so-called white spaces between occupied channels in the TV
frequency spectrum.

@ The aim of the standard is to bring broadband access to low
population density arcas
@ The maximum data rate 15 about 20 Mbit/s.

@ Dwe to its cognitive radio techniques, it has the potential to be
applied in many regions worldwide.

@ The standard uses the WiMAX (IEEE 802.16) LDPC codes as LDPC
cade basis. Compared to WiMAX twa new block lengths are
introduced (384 and 480 bits).

The TV spectrum which has not been used for coming which is not, which can be
opportunistically used for communication and the whole idea of IEEE 802.22 2 is to provide
rural connectivity. So here also they have specified lots of various LDPC codes and in fact they
have two different, two new block lengths which were not there in WiMax have been added, one
corresponding to 384 bits and another corresponding to 480 bits. So this is another application

where



(Refer Slide Time: 32:56)

E ] L-J . |\| - '.:!\. '-‘\. :.‘- "-5. -.|_T
Fa »T @ Eag ,?,f'n‘".* [ TNl 0 Sminl B

Coding in Wireless Communications

& IEEE B2 22 is a standard for wireless broadband access that uses
the so-called white spaces between occupied channels in the TV
trequency spectrum

@ The aim of the standard is to bring broadband access to low
population density areas.

@ The maximum data rate is about 20 Mbit /s

@ Due to ks cognitive radio technigues, it has the polential Lo be
applied in many regions worldwide.

@ The standard uses the WiMAX (1EEE 802.16) LDPC codes as LDPC
code basis. Compared to WiMAX two new block lengths are
introduced (384 and 480 hits)

2 LDPC coding s optional, only convalutional coding s mandatary.

LDPC code is optional; convolutional code is mandatory but LDPC code is optional has been
suggested. So this is not an exhaustive list of application, I just wanted to give you some flavor

of where in practice we use linear block codes. Thank you.
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