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An experlmental error control system utlllzlng a 51ngle error
aﬁd error—burst correctlng technlque has been designed, built
end evaluated. In. the scheme presen d{ a class (nz,‘ni)
~ block interleeveﬁ has been-inserted between the channel
convdlutional'encoder”and”the channel. This.type of
interleaver reorders Sequence of transmitted symbols so-
that neicoﬂtiguous sequence of n, symhols in‘tﬁewreordered
sequence contains any symbadls £EEt_were separated by fewer
"than n, symbols in the original orderipg.- In the receiving
end.a de-interleaver is inserted between the threshold

' comparator and the threshold decoder;s The de-interleaver,"
which for an (n2, n ) interleaver is itself an (nl, n, )
lnterleaver, rearranges _the received symbols into their
original order.

The reported experimental results cleerly demonstrate
that the system Bit Error Rate (BER) performance in complex
interference environments has been improved by orders of
magnituaes, indicating that sing}e occyrring errors end error-

"~ bursts as long as 32 symbols have been successfully controlled.
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- | CHAPTER I '
o INTRODUCTION

B * . ‘
¥ 1.1 An Intreduction to Error-Burst Correcting Techniques

‘Digital communlcatlons has become 1ncrea51ngly
attractive over the past decades, both because of increased
demand for data communications and because digital
transmission offers oPtions and flexibility not available

5 with analog transmission [87].

" The major components and underlylng factdrs in dlgltal
communlcatlons are shown in Figure l 1. l. The detaliled
structures of the varlous boxes in this figure depend upon
the assumed characterlstlcs of the system in question and
upon the state of engineering development at the time of
.de31gn. The source symbols come either from a digital
data source or a digitized analog-source. *The transmltter'
sends channel symbols to the forward channel, wﬁere '
interference may cause errors in the received symbols*.
Once a waveform is receiﬁed-at'the receiver's input, a
decision must be made on.the possible state of the

receivedfsymbols; this is ‘the function of a decision
circuit (usually a threshold comparator). The ability
to make a correct decision depends of course, on the level

of the 1nterference in the channel. It is a consequence

* The term of{“smﬁnr'ig-used in this thesis, ‘even though
the actual operation of the 1nterleav1ng system is based
on single bit per symbol. However, it is possible that

in some coding cases more than one bit per symbol can
be used [1].
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_of the random nature of the.channel-interference effects
on the recelved symbols, that the crlterla of performance
ifor the system must be also statistical in nature. Thus
Ione can only ask that the probablllty of belng in error
[P(e)] in the recelv1ng symbols, be below a certaln bound.

In general, 1nterference, Present in a communication
channel, may be caused by a wide varlety or‘natural and.
' man-made.sources, such as lighting, cosmic noise, atmospheric
absorption, rain.fall,-thermal noise, sinusoidal and square

wave interference, ignition interference etc. Traditionally

‘these interferences are divided as follows r19] raojl:

i) Gaussian-distributed random noise from receiver
front ends. or from antenna pick-up of naturai.
sources, such as’ cosmlc noise and thermal noise;

ii) n_lmpu151ve n01se from natural and man—made sources,
such as 11ght1ng, out of band 1ntermodulatlon
-products and ignition interference;_

iii) interference-:from other:signals, such as sdnusoidal

and square wave interference.

If only Gaussian distributed random noise is present, the .
channel is said to he memoryless, Oor to be a random channel.
In such a channel, the probablllty of symbol being in error
is the same for every symbol and does not depend on what has
occurred with any previous symbols (assumlng that there is no

Aintersymbol interference in the channel), If in place of or in

DT TS m e S ke v ey e ke s e e e s e -



addition to Gaussian hoise, impﬁlsive noise-and/ef
interference from other signals are.preseﬁt on the chennel,
the channel is said te have memory. The effects df impulsive
noise and.interference from other sigﬁals on a received
_digital gnal, is such that méﬁ% successive symbols are
affected [21] [28]. Hence the errors in the reeeived digital
signal occur not only independently at random but also in

4

single bursts or chains of bursts, separated by error free

-

intervals.

An error-burst is defined as a eollectioh of one or
more symbols, beginning and ending witﬁ a symbol in error [5].
The total number of symbols within ennerror—burst (not
necessary in error) including the first and last symboéls of
the error-burst, is called the burst length. -

Two successive single error-bursts are separated by a
"guard space" of G or more error—free-symbols.' On the other
hand, a group of error-bursts that succeed eaéh othef close
in time, and whose length exceeds a specific limit¥*
determined by the constrainie of the particular communication
sysﬁem, is.called a burst-chain.

Channels with memory usually degrade the BER performance
of error correcting codes, deSLgned to operate on memorylessr

channels [5]. A number of codlng technlques ‘for channels
. - - ‘

with-memory have been proposed and demonstrated to be

¥ “For example, 1f the length of each error- burstrgﬁﬂths
chain is longer than the typical guard space. »‘\

\



reasonable-éffecgive in some cases ﬁ5] [13]. fo control the
errors effectivélylthydugh éuch coding‘techniqués,
stétistigal modellina'éf theé channel is required [11. "The
greatest problem with such codingrtechniques is to find
meaningful statistical models, since channel memory
statistics are often time variable [1]. Therefore codes
matched to Qne'set of memory éarameters will be much less
effective for another §ét-qf parameters. In order to
ovércome this problem, error-burst ‘correcting techniques,
independent of the Ehannel memofy’statistics variations, have
been developed [13]. One of thesé techniques, which is ‘

[}

described in this thesis, is based onfinterleaving of
convolutional coded signals. ‘

By iﬂterleaving (or interlacing) a t-random error
correcting_fn, k) code to degree A,a (An, Ak) code is
‘obtaineé. If the original code corrects any single error-
burst of length b symbols or less, the interleaved code
will correct any single error-burst of length Ab symbols or
less [13]. Therefore interleaving'éaﬁ be ﬁsed as an: adjunct to any
coding scheme for improving its érror-burst correction capabiiities.
One method of achieving this interléaving:procéSs'consisté ofihsedﬁng'
én interleaver between the channel encodér and the modulator
(external iﬁterleaving); An interleaver is a device that

redistributes the channel symbolsvéo that the normally

; :
successive symbols become mutually separated by somewhat

}

/o ' . )
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more %hankthe length of‘a "typical® error-burst. Associated
with any interleaver is a.definterieaver, which is a'devicel
that restores in the receiving end the yeordered symbols
to theirloriginal ordering. Thus interleaving effectively
makés the channeﬁgto appear like a random-error channel to
the decoder [29] [l3fi .In general interleavers are
grouped inﬁo two categories; block and sequential inter-
leavers. Elock interleaving can be achieved by dividing
the symbol seqyentes into blocks cdrresponding to a_two-
dimensioﬁal array and to condeptually-read symbols in by~

. rows and out by columns [%9]. in some applications suchvf\
as fﬁose dealing with sequential procéssing of symbols, it
is more natural to consider syncﬁroﬁous (or sequential)
interleavers [29]. 'In this type of interleaver a symbol

is read out each time a symbol is read in.

Particularly efficient. interleavers, implemented to

break up error-bursts as long as 1024 symbols and ensure

‘ tha£ any two symbols withiﬁ this burst will appear at the
deccder with a separation of at least 64 symbols, have
been already incorporated in a single integfated circuit
chip [1]. With such devices more readily available, coding
'app;ications will be more‘economicallf feasible in all
types of digital transmission systems. Such increased
”us;\fustifies an investigation of the capabilitias

ffﬁ/;nterleaved coded_systems. Therefore with this in view,
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a conﬁolufional codec along wiﬁh a (32,64)/(64,32)* block

interleaving system has been used in this thesis,as

.illustrated in Figure 1l.1.1,to investigate the effectiveness

. of intériéaving on the BER performance of digital trans-

o ‘

mission of a compound interference environment. The codec, .

vy g
?,vh “.‘,

built at the Unive¥gity Of Ottawa [7] consists of:

i) a rate 3/4, 2 error-correcting, canbniqal self-
| orthogonal convolutional encoder developed by

Robinson and Bernstein [181, and

ii) 'a type II majority logic threshold decoder [17].

The (32,64) interleaver at the transmitting end reorders a

sequence of encoded symbols, sq that no contiguous sequence

of 32 symbols in the reordered sequence contains any symbols

that were separated by fewer than 64 symbols (spreading
symbols) in the original ordering. The de-interleaver at the
receiving end, which is a (64,32) block interleaver, |
rearranges the received symbols in their original ordering,
before inferleaving.

To simulate a complex interference environment in the

{
laboratory, the following three schemes have been used:

* The selection of the maximim correctable error-burst

length or intérleaving depth (32° symbols) and the number
of spreading symbols (64 symbols) for the interleaver, is
an engineering judgement, partly based on the 3/4
convolutional code error correcting capabilities. This code
is guaranteed to correct up to 2 errors in any 80
consecutive channel symbols, when using threshold
" decoding with syndrom resetting [7]. Therefore the
interleaving degree in this application is equal to. 16.
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iy Sinusoidal interference plus Gaussian noise,

ii) 1mpu151ve n01se con51st1ng of perlodlcallycxnunnng
\ .ehpulses, and 1 | '\ ‘ |

iii) non-Gaussian noise, obtained by non-linear processing’

of Gaussian noise. This non-Gaussigfi noise generation
method can be compared to the mechanism of out-of-

. band*&ntermodulatlon "splkey“ product generation,

in a real satellite or microwave communication

channel {38].

1.2 -Outline of the Thesis

In Chapter II of this thesis, principles of coding and

" a number of cqding techniques are briefly discussed. In

Chapter III, the concept of interleaving is presented with
emphasis mostly given to interleaving convolutional codes.

In Chapter IV, the implementation of the (32,64)/(64,32)

'block interleaving system is described. ~In Chapter Vv,

-

performance evaluation of the 3/4 convolutional codec
along with the (32,64)/(64,32) interleaving system, in a

sinusoidal interference Plus Gaussian noise and in an

.impulsive noise environment is reported. Finally, in

Chapter VI, the features and limitations of possible appli-

1 ]
discussed.

cations of the interleayed 3/4 rate convolutional codec are
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CHAPTER II , . R
A REVIEW OF CODING TECHNIQUES

2.1 General
Following the rapid. growth of dlgltalfcﬁﬁmunlcatlons and ‘

thelr applications in ground- to~ground communications via

satellites,’ coding has gained more and more importance in =
bothﬁéqmmercial and wmilitary systems. This is particularly . - s
true in communicationm c.annelslﬁhere power limitations rathet

than bandwidth limitat\lons exist [9]. In such channels the <::

.use of codlng 1mp11es inprovement of the communication
efficiency by counteragting the effects of the various types

of additive interfefgnce [20] in the received digital

symbols. _
In this chapter the fundamental pr1nc1ples of codlng,

with an emphasis on convolutlonal codlng,sare brlefly

TR
N

dgscrlbed.



:2.2 'Error Control Through Codi
The use of digital information in the modern worl
makes the occurrence of errors undesirable in most

¥

practical appliéations. Therefore, the channel error

rate, in some cases must be drastically reduced by some \\\\¢/?

methods in order to satisfy thé,overall system specifica-
tions. 'One method of reducing the error rate is to increase
the energy per symbol to noise density ratio (Eb/NO)._ If

Ey, >> Ng the probability of making an incorrect dggisioh

can be vanishingly small. However,'in somé practiqél
systems} the channel may be so noisy that the Eb/Né required
to bring the error;pfobability to a reasonable value is

'so high that it may not be practical. This makes it
impossible to achieve very low error rates by this method.

A second method of reducing the error rate is through
the use of error correcting codes. Error correcting codes
do not increase the available Eb/No’ but they permit the
same data fidelity at a lower value of Eb/No,'which'is as
real as a gain that is effected by increasing the trans-
mifted energy. Shannon [ld] has shown that the caéacity
(maximum rate at which infofmation can be transmitted) of
a linear channel with additive Gaﬁssian noise affecting

b

.the signai is given by:

e e b 4 ekl ki Pare bty o w e . e w4 et

*
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C=w logz(1+P/No'W) symbols/sec (1)
where P = received signhal power
o = single sided noise spectral densify
W = noise bandwidth.

"He showed that if the information rate R is less than C, then -~

there exists a coding scheme that will make the probébilify
of error arbitrarily small. If R = C, then

- \/ '

p/n, © = %My (2)

and for the case of no bandwidth restrictions, can be

derived:

1 B/(NS C) = - 1.6 4B (3)
We—" oo

wherg P/(No C) = Eb/No‘ :

This implies that for a power limited system, an arbitrary low
error rate (BER) can be theoretically achieved with Eb/No =

- 1-6 dBo

In Figure 2.2.1 this optimum bQPnd is shown aloﬁé with

»

the probability of error curve 6f a typical digital :1
t can

~transmission scheme with no error correcting coding.

be seen from Figure 2.2.1 that for a BER\of 10~5, with
. N

T et )n--.n-u-a....a,.,.,u,_.-..-.;.._.,...._.a...:‘._ B bt g e e i TR e
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no coding, 9.6 dB of Eb/No is réquired while iE'Shapnon‘s '
limit can be” achieved the same BER is possible for Eb/Na =

- 1.6 dB. Therefore a potential coding gain 'of 11.2 @B is
available for a BER of 10-5, Coding schemés, which can
provide a substantial fraction of this'poténtial gain, are in
‘use in digital communlcatlon systems today [5] [13].

E.N. Gllbert [I1] in 1960 showed that the channel

capacity for a communication channel with memory is given

+

by: °
Cm = C + ”Ho : | (4)
where C = channel capacity of a random memoryless channel
i = a measure of the departure of the channel with

memory from the memorfiess channel of the same
rate
H_ = the average conditional entropy* of a typical

error sequence of the memoryless channel.

Equation 4 shows that memory increases the channel capacity.
This provides further motivation for work on error control

techniques for channels with memory. '

*  The concept of entropy is used here as a measure of the

uncertainty of a process involving the erroneous and
correct processing of data symbols through a memoryless
channel [36].



14 -

2 - >

2.3 Types of Codes
' lError correcting codes can bg classified as belonging to
one or the other of two fundamentally_different types {l3j.
'In block codes, the information sequence is diQided up into
blocks of k digits, which are thén encoded into blocks of n |,
digits where n > k. » Each block is encoded and decoded
independently of all other blocks. The number n is called
the code length, or the block length of the codé. The
information rate of such a code is equal to k/n.
The other type of codes are under the general name of
.tree‘ codes. When such a code is used, each long, perhaps
semi-infinite information sequence is encoded into a somewhat
longer code sequence.v The information sequence is divided
into blocks of k symbols. Then the encoder outputs a section
of the code sequence of léngth n, where the particular
pattern of the n symbols depends not only on the k symbols
being processed but also on some previous blocks of symbols.
Such codes are called tree codes because the éncoding rule .is
described most conveniently by a tree diagrém. Convolutional
codes [5] form a subset of the tree codes.

In a real communication channel the communication
efficiency, promised by Shannon's coding theorem [10], can be
approached by means of different schemes employing '
convolutional coding. Among'thesé schemes, the most attractive

schemes include [5] [131: ¢



i) The scheme employing convdlutlonal coding at the .input
and threshold decodlng [17] at the output and '
ii) the scheme employing convolutional coding at the input
and probabilistic (Viterbi, Sequential) decoding [le
at the output. B . |
The followlng sections w1ll deal with convolutlonal
codes and threshold decoding, for the correction of random
errors, error-bursts and simultaheously occurring

error-bursts and random errors,

2.4 Convolutional Codes

Convolutiona}‘codes (or recurrent codes) were first
introduced by Elias ([15] in 1955. S$Since convolutichal codes
belong to the tree code category, their difference from block
codes ‘can be described as follows. 1In.a block code, the
block of n code symbols generated by the encoder in any given
time unit depends only upon the block of k 1nput message
symbols, w1th1n this time unlt [13]. On the other hand, in a
convolutional code, the n code symbol block, which the
encoder produces in a given time unit, does<got depend only
. upon the block of k input message symbols within that time
unit but also on the symbols of input messagewblocks of the
pPrevious N-1 time units (N >1) [13]. Like block codes,
convolutional codes can be designed to have independent

random error correcting abilities, error-burst correcting

~
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‘abilities, or a combination of both.

Figure 2.4.1 shows the basic arrangement for a
convolutional encoder, which will be.used as an illustrative
example. The span or constraint length of the encoder is
termed K, which specifies the number of k-symbol blocks, over
which a giveﬁ information symbol can influence the’encoder
output. Theréforé a Fn, k) convolutional cgﬂg of const;aint
' length K is capable bf correcting any erroé‘sequence with t
or fewer errors in any span of nK consecutive symbols by a
particular'decoding algorithm. If k information symbols are
entered at a time, the humbgr of shift-register stages ‘
required is kK, for a span K. The k input information
symbols (also called message bIock); to be encoded, are
shifted into the shift register in a clocked seéhence. The
stages are binary added in n sepa:ate‘ module 2 adders, each
connected to different register taps.

At predetermined timé units, a commutator readsrout the
output of the n adders in sequence forming a n symbol word
(also called -the code block) at this time.unit.- As the input
information sequence is shifted in, the clocking of the
commutator is repeated and another n symbol code‘block
appears at the output. Practically, the commutator is
clocked after the k symbol. mesgage block is stored/into the
register. Thereforé, for each message block of k g;mbols,

there is a code block of n symbols produced at the output.

Then is said that the encoder operates at an output rate of
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n/k times the input rate. The ratio k/n is called the
éncoder rate. When encoding is acéomplished in this manner,
the output sequence of the code blocks can be Qritten as a
convolution of the input sequence of the message blocks,‘and
an éncoding weightiné function [5]; hence the name
convolutional coding.

Convolutional codes are cla551f2ed as 'systematic and
non-systematic codes.‘ If the modulo 2 addltlons are such
that the k symbols of the message block appear as the first k
symbols of the n output symbols, then the convolutional code
is called systematic. The encoding constraint length of a
systematic code is ésually the same as the decoding
constraint length [5]. The same code in a non-systematic

form has a shorter encoding constraint length than the

-
.

decoding constraint length, and hence fewer memory elements

required in the encoder [5].
- A general decoder for a“systematic convolutional code is
w?shown in Figure 2.4.2.

The opération of the circuit is as follows. With gate 1
closed and gate 2 open, k information symbols are fed into
the information register. Then with gate 1 open and gate 2
closed, the received périty check symbols (n-k) and
recalculated parity check symbols are compared (5]. The
difference in these two sets of parity check symbols is the
error syndrome which is unique for each correctable error

pattern. This syndrome is fed into the syndrome register.
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The majorii& logic circuit ﬁhen determines from the ‘syndromes
whether or not;a corfectable error pattern hasloccurred in
the k information symbols ready to be released frém the .
information register. If $0, this block of information N
symbols is corrected as it leaves the decoder.

In order to make use of the full error corrécting
capability of the code, the effect of incorrect symbols on
the syndrome must be removed as the errors are corrected.

The feedback connections noted by the dotted line in Fig.
2.4.2 does this. However, if an uncorrectable error pattern
occurs; the feedback connections can cause erroxr propagation.
That is, the decoder can continue to decode incorrectly even
though no further channel errors occur. If the effect of the
feedback symbols is élways to {educe the weight of the overall
syndrome register symbois,‘théﬁpropagation will cease after

a finite 'and usually small number of blocks [133J. 1If this
condition is not met, the output of the feedback register
may be periodic and infinite. That is, catastrophic error
'propagation occurs. If no feedback is used, the code does
not perform up to its capability, but error propagation does
not occur. — '

. Such‘a decoding scheme is called majority logic decoder
~and is discussed in more‘detqil by J.L. Massey [17].

For a given m, there is a single error correcting
convolutional code with parameters n=2"-1 and k=n-1 and
a double error correcting convolutional code with parameters

n;gj2m-l) and k=n-2(m+l). In addition, there are two

o
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élasses of random error correcting convolutional codes, the
self-orthogonal aﬁ@ the orthogonalized codes [5].

In general, a convolutional code is called
sel f-orthogonal if its complete set equations are orthogonal
on a giveh symbol dj. The concept of orthogonality differé»
from the well known one from mathematiés and signal analysis,
in thch two vectors or functions are orthogonal to'each
other if and only if their inner product, appropriately
defined, is equal to zero. Réther, orthogonality in coding
theory is defined as follows [5]:

Given a set of equations which relate various
information and check symbols through check sums, it is said
that these equations are orthogonal on a symbol dj, if dj is
checked by every equation and if no other symbol is checked
by more than one equation. Self-orthogonal convolutional
codes (Massey, 1963; Robinson and Bernstein, 1966) are
majority loéic decodable which makes them even more

attractive. (For more details, see Section 13.4 of reference

[5].}

2.5 Error-burst Correcting Convolutional Codes

When convolutional codes are used for error-burst
correction, it is necéssa:y to define both b, the burst
correcting capability (or the length of a correctable
error-burst) and g, the guard space (or error-free gap}

L
required to allow the error-burst to be corrected [28]. A
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guard space is the number of error-free symbéis that mdst
follow an error- burst. Any error. within this guarg space may .
cause incorrect decoding [5]. The burst correcting ability

of an (mn, mk) convolut10nal code appears bounded by [5]:

(m=1)(n-k) -
e Y I (5)
and the. guard space is upper bounded by: e
gimn—l. ‘ ‘ . . (6)

For practical decoders, g cannot be much less than (mn-b) ,
An {(mn, mk) convolutional code is said to have Type-B,

error-burst capabilities, if all error-bursts of length

b2=rn, which are confined to r consecutive blocks are
correctable, but at least one error-burst of length (r+l)n is

uncorrectable. The burst correcting ability of a code with

TYPe~-Bs error-burst correcting ability by is bounded by :

4

b2 + n - 1;3_b > b2 -n-1 {(7)
and also ’ -

b, < (n-k)/2. | (8)
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Convolutional codes having Type—Bz error-~burst correcting

ability can be interleaved to produce codes withgbapabilities

" -,
L

for correcting'loﬁger error-bursts. B 3N
It is possible to éonst;uct convolutional codes that
correct both error-bursts and random errrors. One way to
construct such a code is to 1nter1eave a random error
correctlng convolutional code.A (For more detalls, see

Chapter III.) The dlffuse convolutlonal codes have 1nherent

fgerror-burst correcting ability as well as random error

~

correcting ability. A convqlutional code is said to be

b-diffuse if
J

i)  no burst of length'ﬁﬂqﬁffgs$, Qh@éh begins Qith the
first information symbol to be dééoded, affects more
than t-1 of the syndrome symbol used fo decode that
symbol, and ' 7

ii) no burst of leﬁgth b or less which begins elsewhere
affects more than t of these symbols [5].

Such a code can correct s§imultaneously t random errérs and an
error-burst of-length b.

A method called adaptivg decoding [5] cén‘be used to
allow a convolutional code to cofrect poth_error—bursts and
random errors. The basic code is designed so that only a
small fraction of its cosets are used for random error

correction. The decoder operates in a random error
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correcting mode until it detécté an uﬁcogrectable'error
pattern. Since only a small fraction of the cosets are used
for randpm error correction, the probability of detecting
patterns which are uncorrectable, before erroneous symbols
have left the decoder, is highﬁ Onée the decoder detects an
uncorrectable error pattern, it assumes that an errof—burst
has occurred and switches to an error-burst correcting mode.
When a number of blocks have been decoded for which the
syndrome céntains all zeros, the decoder considers that the
error-burst has ended and returns to Ehe random errof
correcting model. |

In the succeeding chapter on interleaved codes, only
convolutional codes will be considered, although most of whét

will be said can also be applied to block codes.

’



CHAPTER III |
INTERLEAVING AND INTERLEAVED CODES

3.1 First Approach to Interleaving

Interleaving is an adjunct to coding error-burst
éorrecting technique, that is used to spread the effects of
an error-burst among a number of codewords of a ba51c code.
This can be accompllshed as, lllustrated in Flgure 1.1..1. 1In
the.transmlttlng end the source symbols are first encoded in
codewbrds of an original code. Then the interleaver.spreads
in time the encoded symbols and in the spaces thus produced,
symbols from other codewords are introduced. Fpr the purpdse
of this thesis, the constituent ‘codewords of an interléaved
code will be referred to as component codewords. |

{‘ In the receiving end thé interleaved symbols are
reordered to their original order by the de-interleaver whose
function is identical and complementary to the function of

the interleaver. Thus the error-bursts, caused to.the

‘received symbols by the channel interference are spféad in

time and appear like random errors to the decoder.

Usually there are two ways of interleaving an errér
correcting code. Block and symbol interleaving. If block"-
interleaving is used, the component codewords are divided
into blocks of length 1, where usually 1=b (the error-burst
correcting ablllty de51red fdr the 1nterleaved code). Each

such block of a component,word S Separated from other blocks
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of the same word by a block of every bther cqmponent
éodeﬁbrd. A common example of a block interleaving function
is shown in Figure 3.1.1, where the input symbol sequences
are divided into blocks corresponding to a two-dimensional
array, and conceptually symbols are read in by rows and out
by columns. On the other hand, Figure 3.,1.2 illustrates the
function of block de-interleaving.

If symbol or synchronous interleaving is employed, a
symbol is read out eacﬁ time a symbol is read in. Then‘no
two symbols from any cdmponent codeword‘will be adjacent in
the‘word of the interleaved code. Symbol interleaving is a
more general class of interleaving than block interleaving,
since any block interleaving function can be realized by a
synchronous interleaver [29]. Therefore, Figure 3.1.1 can
represent a synéhronous interleaving function as well,
pProviding that one symbol is read in when a symbol is read
out. On the other hand, a significant difference between
-block and'syﬁchronous interleaving exists. That is, for
contihuous flow of data thréugh a block interleaver, data
bufferring is neceséary (see Chapter IV).

Interleaved codes are effidient in a probabilistie
sense. No elaborate decoding scheme is necessary to take
advantage of th;s €rror correcting ability., They are
successful because they can correct many more error patterns
than thei; guaranteed error correcting ability would

indicate, before interleaving.
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3.2 Interleaving of Random Error Correcting Codes

Codes which are designed to correct random errors can be
interleaved to produce codes which will correct long error-bﬁfsts
in addition to random exrors. Given a (n, k, t) random error cor-
recting code, it is possible to construct a {An, Ak, t) code, i.e.,-é
code A times as long with A times as much information .
syﬁbols, by interleaving. The parameter A is called the }
interleaving degree. The interleaved code is guaranteed to
correct any single error-burst of length At or any t random
errors. Herver, this code will also correct at least one
pattern of A error-burst of length t and another of At random
errors [5].

Block interleaving to deqree A of a random error
correcting (mn, mk, t) convolutional code, produceéga
longer convolutional code which can correct all error-bursts
of length [t/n]A or less, all error patterns of weight t or
less, and many error patterns of weight somewhat greater than

t {burst-chains) [5].

3.3 Codes Correcting Error-bursts and Random Errors

The-codes pPresented in this section have been designed
[5] to correct error patterns that have neither all errors
occurring at réndom nor to ‘a single error-burst. Out of the1
hany existing techniques {Sj [131, interleaving a random
efror and burst correcting convolutional code is a very

powerful technique.
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Block interleaving to éegreerk a {mn, mk) ‘convolutional
code; Qith b erxor-burst cofrecting abiiiﬁies,'prOduces a
[mn(A—l)+n, mk(A-1)+k] code with b error-burst cornaﬂnngaﬂnlltles._.
The self—orthogonal convolut10na1 codes have random error
correcting capability t and error-burst correctlng ability .
that typically 1slonly,sllghtly larger than t. Therefore by
| interleaving @ self-orthogonal convolutional code its
error-burst abilities are increased by a multiple of the
“interleaving degree A, ObViously the performance of these
codes improves as the interléa&ing degree increases, because_
the probability of an uncorrectable error pattern in a
component word decreases [13].

As in the case of interleaved random error correcting
codes’, interleaved codes with random error and burst
correcting abilities cannot correct only error-bursts of
1engtﬁ b, but they can correct also many patterns of multiple
error-bursts [36].

From the above diséUssion on interleaving and
interleaved codes, it is concluded that, in general,

interleaving of an error correcting code can be achieved by

the following two ways:

a) External interleaving: In this type of interleaving

b

}
the interleaved code is derived from the bASic code

by the connection to the encoder and decoder of an

SN

external interleaving unit (see Figure .1).
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b

b) - Internal’Interleaving: In' this type of interleaving the

interleaved code is derived from the basic code by
replacing each shift register single-unit of the encoder

and decoder by  delay-units, without changing the other

encoding and decoding connections.

Usually, external interleaving is more preferred than
‘
internal interleaving, mainly because of the ease of
implementation and flexibility of use (easier expansion of
interleaving degree). The effectiveness of external

‘interleaving on the performance of convolutional ‘coding in «

various error-burst environments is experimentally verified

in Chapte# V.

\



CHAPTER IV

IMPLEHENTATION OF A (32,64)/(64,32) BLOCK
hﬁJ INTERLEAVING SYSTEM
4.1 General . : A ‘
This chapter describes the hardware design
of a (32,64)/(64,32) blbck interleaving system. The general
functional description of block interleaving, was already
Zgiven in Chépter III. Therefore this chapter'mainly
describes the specific. functional and hardware
kcharacteristics of the given interleaving system, as resulted

from the system error correcting requirements presented in

Chapter I.
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4.2 The (32,64) Block Interleaver

As already séa%ed in Chapter I, for this inter;eavef,
the maximum correctable error-burst length is equal to 32
symbolsland the number of spreading symbols egual to 64.
Then the symbol read in and reagd out processes of the
interleaver can be described as foliows. Figure 4.2.1
illustrates the functional diagram of the (32,64) block
interleaver. As can be seen from this figure, the incoming
information symbols are first numbered . as they enter the
interleaver, This position numbering of the symbols starts
randomly in time, when the interleaver is connected to the power
supply line. Then the interleaved symbols are organized into
groups of.2d48 (211y symbols. Each of these groups is ‘
divided into 32 blocks with 64 symbols per block and
therefore represents an interleaving matrix of 32 rows and 64
columns. Each row of.this matrix corresponds to
one symbol block, with the first row éorresponding.to the
first block. For the storage of the symbols of the
interleaving matrix iﬁto the interleaver, Random Access
Memories (2102A) with 2K(2048) storage positions are used.
For the addressing.Of these storaée positions and the control
of the write (read in) and read (read out) operations of the
intérleaver memory, a 211 (12 outputs) free running
counter is used. Actually, the binary translation by the
counter, of each information symbol position number

represents the addressing sequence of the corresponding
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symbol. This counter is synchronized to the incoming
information symbols by the use of the same clock. When all
the symbols of an interleaving matrix are stored into the
interleaver memory, the read out process starts. This is
done as shown in Figure.4.2.l b, where Symbols afe read out
by columns rather than by rows. .

Figure 4.2.2 illustrates the interleaver memory
addressing for the write operation. For this mode of
opefation of this specific memory, the Write/Read (W/R)
control line is required to be kept at low {logic 0).* This
is achieved by the 12th output-of the free running counter
(see Figure 4.2.2 a). Since this counter output changes
level from low (logic 0) to high (logic 1) and the opposite
every 2048 clock pulSes, it is evident that the write {or
read) opération of the interleaver memory is alternative
repeated for every 2048 clock pulses. The rest of the
counter outputs are straightforwarq:connécted to the memory
addressing lines (see Figure 4,2.2 b). Of course, this'is
the result of the pattern of the memory write addressing
Sequences (see Figure 4.2.2 a).

Figure 4.2.3 illustrates the interleaver memory
addressing for the read operation. Obviously, for this mode

of memory operation, the W/R control line is required to be

* For this hardware implementation logic 0 corresponds to

0 volts and logic 1 to +5 volts.
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kept at high (logic 1) by the 12th counter output. The rest
of the counter outputs are connected to the memory addressing
lines as shown in Figure 4.2.3 b. Again this is theAresult
of the pattern of the memory read addressing sequences (see
Figure 4.2.3 a).

From the above discussion it follows that the moqe of
connection of the memory addressin§ lines to the coﬁnter
outputs, determines the symbol read in and read out functions
of the block interleaver. It is also obvious that for
continuous flow of the information symbols through the
interleaverf a second interleaver memory has to be used as .
shown in Figure 4.2.4. As can be seen from this figﬁre, when
the ith interlegding matrix is writen in the interleaver
memory 1, the (i-1) interleaving matrix is réad out from the
interleaver memory 2. Alternatively, when the (i+l)
interleaving matrix is writen iq the interleaving memory 2,
the ith interleaving matrix is read out from the interlgaver
memory l.‘ This continuous alternation between the write and
read ope:EEEonal modes of the two interleaver memories is
realized by the W/R control line (commutator). If
the W/R line of memory 1 is connected directly to the 12th
output of the free running counter,'the W/R control line of
memory 2 is connected to the same counter output through an
inverter. This is clearly shownlin Figure 4.2.5, where the
analytical schematic diagfam'of the (32,64) block interleaver

is illustrated. As can be seen from this diagram, the



WRITE

INTERLEAVER DATA DATA |INTERLEAVER
MEMORY 1 N IN  bEMORY 2
DATA DATA
(2K) ouT ouT  |(2K)
COMMUTATOR READ

Fig. 4.2.4 - Simplified Block Diagram of the
(32,64) Block Interleaver



. daavaTasjyurs .
xooﬂmﬁww~mmvmsnmosm“mMﬂQUHumEmzom|m.m.v.wﬂm

&LNaLne —— ——————————_ _ __

- B!
|
“ ' POP L SUALATANT
i “ (D) TSVINS x g/1¢ 30 IXA
. “ : YZ0TZXp: SHATYOWIW
AIVD "0 ! ! S608QHX8:  SYAJInd
TIATISNTOXA AFMD0TID P 1 11 £6ChLXE: YILNAOD
Inoa NIQ L0oa NId |, 3
Mz i oMz, NI Yivd
7 RYOWIW YIAVATITINT [ XJOWAW HIAVITIHINT
a/m TVOI . ) q/M
oN-..-.-.uﬂrﬂ — . gl v v v v --.9-“
i AI‘.
c ]
. /M
o
N !
=111 *
‘H - s B & s a . oOH o-.ﬂ * * & e a -Udu— Cal . [y .O.d UN D) M_W
ALI¥M 3 avay ALTEM  ——y
% sa sq]
D“-.- o.-.nﬂ.ﬂ u.N....--.-.oN\_ -N... ....-!N ,ON.. --o-..d
F L i [ | _
. : i q/M
o .—~:ﬁ.~ ﬂN u\N mﬂ ¢~ h.N ﬂ.ﬂ e o :N -
mmazmou 555 ‘ ﬁv
L g0 / DDA
HOLIMS

dIMOd NIVKW



41

addressing lines of both interleaver memories are
straightforward connected to the ocutputs of the free running
counter through write buffers. On the other hand, the
addressing lines of both memories are also connected to the
outputs of the counter in the multiplexing mode (shown in
Figure 4.2.3 b), through read buffers. The counter generated
addressing sequences for both the write and read modes, are
processed through this type of buffers (HD8095), only if
-their disable inputs (DS) are kept at. low (logic 0}, by thé
W/R control line. When the W/R control line is at high
(logic 1}, the buffer outputs are showﬁ high impedance

(29 = ®) to the memory addressing lines, which actually
corresponds to disconnection of the addressing lines from the
buffer outputs.

Figure 4.2.6 shows the schematic diagram of the 21 free run-
ning counter. To reset the outputs of this type of counter
(74293) to the low level (logic 0}, an instantaneous
transition from the high level state to the low level state,
of the cqunter resetting inputs (Rq), is required. As can
be seen from Figure 4.2.6, this reset operation is reallzed
by a Schmltt Triger, whose inputs are connected through the
main power switch to the power supply line (+Vcc),

Thefefdre, whenever éhe main power switch is switched ON, the
free running counter starts counting from the 000000000000

state (see Figure 4.2.7).

Suppose that the system's main power switch in Figuré
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AN - SYMBOL RATE = 64 Kb/s
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Fig. 4.2.7 - Counter Timing Diagram
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“/r\\\_;/ﬁ.z.s is randomly switched ON. Then the counter starts

counting the coming in the interleaver information symbols.
Since for the first 2048 information symbois, the W/R control
line is kept at low (becguse the 12th counter output is at
low), memory 1 is in the write mode with its addre531ng llnes
connected to the outputs of the write buffer. ~On the other

hand, memory 2 is in the read mode with its addressing .lines

- connected to the outputs of the read buffer. When the W/R

control line is changing state (during the next group of 2048
information symbols) memory 1 is in the read mode with its
addre551ng lines connected to the read buffer. At the same
time memory 2 is in the write mode with its addressing lines
connected to the write buffer. The W/R control line controls
also the 3§eration of the output clpcked exclusive OR gate,
Therefore, whenever the W/R control line is at low,
interleaved information symbols are read out from memory 2
and pProcessed through the OR gate to the interleaver's
output. On the contrary, whenever the W/R control line is at
high, interleaved information symbols are read out from
memory 1 and processed through the_OR gate to the

interleaver's output.

4.3 The (64,32) Block De-interleaver

As already stated in Chapter I, the de-interleaver at
the receiving end is a.(64,32) block interleaver. For the
implementation of this interleaver, an almost similar

configuration like the one described in Section 4.2 was used.
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The few differences between the two confiéurations are
fresulted,from the de—interleaver functional diagram given in
Figure 4.3.1. Accordiﬁé to this fiqure, the ooming in the’
de-interleaver interleaved symbols, are first divided into
groups of 2048 symbols. These groups are consisted of 64
blocks: of 32 symbols. per block. galn, these groups form the
de-1nterleav1ng matrices of 64 rows and 32 columns. Then the
symBol read out process starts, by readlng symbols out by
columns rather than by rows. In this way the recceived
symbols are taken apart by 64 symbols and reordered in their
original positions.

From the above, it follows that rhe symbols of any
possible error-burst, caused to the received symbois by the
channel disturbances, are appearing like random errors to the
following de-interleaver decoder. The statistical occurrance
of these errors k2 errors in a block of 128 information
symbols), is well above the error correctlng CapabllltIES (2
errors in a block of 80 information symbols [71) of the
threshold decoder used for the system performance evaluatlon
(see Chapter V). Therefore, error—bursﬁs"of_length up to 32
symbols, are expeoted to be corrected by the interleaved
codec, con51der1ng that the decoder does not introduce random
errors to the decoded symbol sequences [7].

From Flgure 4.3.1 it follows that the symbol read in
{(write) and read out {(read) operations are done by the

de~interleaver memories as shown in Figure 4.3.2. Therefore
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the schematic diagram of Figure 4.2.5 can also represent the
schematic diagram of the (64,32) block de~interle$ver, after
the modifications on the addre551ng line connections in both
memorles, as shown in Flgure 4.3.2,

For the synchronous operation of the interleaver and
de-interleaver, the dehintérleaver counter was enslaved to
the interleaver counter. This was realized by the
configuration shown in Figure 4.3.3. As can be seen from
~this figure and the timing diagram of Figure 4.3.4, the .
de—inQerleaver éounter outputs are set at low (CLEARED)
whenever all the interleaver counter outputs are set at high
(loglc 1).

The FFl JK flip-flop is incorporated in the
synchronization configuration in order to anticipate the
delay caused to the information symbols by the flip-flop of
the threshold comparator (see Figure 1.1.1) [30]. 1In this
way, iﬁ}ormation symbol correspondence between the
interleaver and de-interleaver was maintéinéd.

'This configuration was implemented only for the specific
experimental requirements of this thesis. In a real
:application of this interleaving system, a more complicated
synchronization process is required [39]. The description of
such a synchronization process is beyond the goals of. this
thesis. |

In conclusion, both the {32,64) block interleaver and

i

{64,32) block de-interleaver were buffered to a 50 output
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impedance. 1In this way all the impedance missmatching
effects were eliminated), when the interleaving system was
interfaced with other configurations and measurement

instruments as described next in Chapter V.



CHAPTER V

PERFORMANCE EVALUATION OF THE INTERLEAVED 3/4
RATE CONVOLUTIONAL CODEC

i
5.1 General . i

f

This chapter is divided into two major sections. The
first section reports the BER Performance evaluation of the
3/4 convolutional codec along with the (32,64)/(64,32)
interleaving system, in a sinusoidal interfe;gncé (SI)
. environment and in a SI Plus AWGN environment. In both envi-
ronments the systeﬁ BER peffbrmancélis considerably improved
due to interleaving. _ |

The second section of this chapter deals Witﬁ the BER
performance evaluation of the same system in an impulsive
noise environment. Again significant improvements of the systaﬁg/
BER performance were obtained, due toﬂthe;eﬁrQi—burst correcting
abilities of the interleaved 3/4 convolutional codec.

In all the measurements done for the purpose of
performance evaluation in the various interference environ-
ments mentioned above, a Pseudo Random Binary Sequence'(PRBS)
of length 215—1 was used as a Non-Return to Zero (NRZ)
baseband signal (see Figure 5.1.1) [49]. 1In the measurements
. Where uncoded signals were used, the symbol rate of this NRZ
~ was set to fs = 64 kb/s. On the éther hand when coded and

interleaved signals were used, the NRZ source symbol rate was
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set of fs = 4Q kb/s and.therefore the result%ng encoded
rate was always equal to 64 kb/s [7]. | |

. The filtering in all the'experémental set-ups given
in this chapter was done by 4£h order Butterworth filters
with a steepness factor of 80 dB/decade (4 x 20 dB/decade) *
[51]1. PFor all RMS voltage measurements a trué RMS voltmeter
(HP3400) was used, while for the Bit Error RaEsﬂﬁaégl
measurements an error detector (HP3761A) was used. Finally,
note that for all the measurements inclu&ég;in this chaptgrh
an appropriate * 5% approximation has to be considered |
(mostly due to observation inaccuracies) even fhough each

final measured value was averaged out of three readings.

o

* When a 4th order Butterworth filter is used as receiving
filter in communication system, the receiving noise band-
width is given by [51]:

Noise Bandwidth = 1.05 x Signal Bandwidth

As a consequence throughout all the measurements, reported
in this chapter, the noise bandwidth of the receiving
filter, is considered equal to the signal bandwidth of
the filter (-3 dB bandwidth), involving an acceptable
measureQEPt approximation.
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5.2 Performance in a SI and in an AWGN Plus ST Environment

a) A General Overview of SI

In general, a single-frequency sinusoidal interference
causes error-bursts in a Non Zero Return (NRZ) signal, if at
the sampling instant the instantaneous value of the
interference is greater than the peak value of the NRZ

signal and opposite in sign.

m me ommy e e w | o e

Fig. 5.2.1 - sI Corrupting NRZ Signal

The probability of error of a NRZ signal disturbed
N

by a single~f}equency SI is givén in equation (9) 71 r211:

1/2 —A% sin_1(7% %) #or 0 < %.< vZ
Ple)gr = (9)

0 . for % > V2 = 3 aB

where S is the peak value of the NRZ signal and I is the

peak wvalue of th SI.
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Equation (9) indicgtes that the P(e) function is independent
6f ﬁhé frequency of the interfering sinusoidai wave. Of
course the NR2Z signél.will be disturbed by the SI only if
the SI frequency is in the frequency bﬁnd of the receiving
" LPF (see Pigure 1.1.1).

In theAcase of simultaneous disturbances of the NRZ
signal by many sinusoidal waves,* the combined instantaneous
vector of the SI has no longer a constant amplitude. Instead

-

its amplitude varies with the number of the interfering

. . fh ‘
sinusoidal vectors and their relative amplitudes arnd phases.
The vector diagram given below, illustrates the case of

multi-SI composition.

i . Iy

/’ l ) 1‘ i’.
D -

(\ Lo

1 z

__________ ! A1

T

Transmitted

jSignal

I-

l

. : |
Fig. 5.2.2 - Composition of Multi-SI

e

In Figure 5.2.2, vector I represents the resultant
of 'a sum of constant vectors. It is assumed

that the i-th interference is statistically independent

* 1In general, SI can be interpreted in a practical communi-

cation system as an unmodulated carrier frequency interference

(CW) . .
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from ‘all the other interferences. It is aloo
assumed that the phase of the i-th interferenoe is uniformly
distributed befweeﬂ 0 and 2w.

~ The sighal—to-interference ratio (S/I) in a multi-SI
environment, is defined as the ratio of the signal power to

the average power total of all the interfering waves.

b) Performance ' Evaluation

The experimental set-up of the system BER performance
evaluation, in the SI and in the SI plus AWGN environments
is given in Figure 5.2.3. The'measured _' eye diagrams,
obtained with and without the pPresence of SI at the output
of the receiving LPF, are shown in Figure 5.2.4. Since
the encoded symbol rate is 64 kb/s, the recelve LPF bandw1dth
+ (40 kHz) is greater than the Nyquist fllterlng limit

(6] and therefori Intersymbol Interference (ISI) problems

were avoided.
| The performance of the interleaved 3/4 convolutional

codec in a single- frequency SI and in a multi-frequency

SI environment, as compared to the uninterleaved case, is

‘ given in Figure 5.2.5. as observed the unlnterleaved codec

is unable to perform Properly in these environments. Oo.

the other hand the performance of the interleaved codec

e

has been improved by orders of magnitude, in comparlson
w1th the uninterleaved case. Since 1nter1eav1ng does not

add any redundancy to the transmitted symbols [5], it does

-—tead
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Trace B

Horizontal: Susec/div.

a) Trace A: Interference free eye diagram
% Vertical: 10 mv/div
Trage B: 64 Kb/s clock :
Vertical: 1 v/div

e — T -

S~

e
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mt e 10 usec/div

- __.:’-n--r-mz: =

b) Eye diagram of .signal pihs ST (fgr = 1 kHz; S/I =

Fig. 5.2.4 - System Eye Diagrams With and Wlthout the
Presence of SI.

Vertical

10 mvV/div B

3.5 dB).
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not process ahy inherent error correeting capability. Thus
the 51gn1f1cant 1mprovement obtained w;ehmlhterleav1ng is-
used in conjunctlon with random error correcting'coding,
indicates'that‘hhe error occurring on the channel have a
burst type characteristics. 1In addition, as can be seen
from Figure 5.2.5 the interleaved codec performahce is better
in the caseiof 10 kHz SI environment, than in the case &g
100 Hz SI environment. This experimental result can be
explained as follows. ‘

Figure 5.2.6 illustrates the error-burst generation

+

mechhnismé/caused by two dlfferent frequency smnu501da1 waves.‘

& .
As observed, ;h the case of the higher frequency SI often
. occurring short error-bursts are caused to the information

symbol stream. On the other hand,‘in the case of lower
"\

frequency SI longer error-bursts are caﬁeed to the.informetion
symbol stream. This difference in the length of errorTbursts
'caueed to the information symbol stream by the different fre-
quency SI environment, i$ probably the main reason of the
'better performance of the interleaved 3/4 rate convolutional
codec in the higher frequency SI environment. Actual measure-
ments on these error eve%t statistics were not undertaken,
since they would have required a fairly sophisticated data
acquisition system.

| Finally, from Figure 5.2.5 is resulted that both the

interleaved and not interleaved system BER performance in a

combined multi-SI_environment (100 Hz + 1kHz + 10 kHzZ),
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indicates a small degradation in.comparison with £he corres-
pondingsystem BER performance in a single frequency SI envi-
ronment. This degradatipon can be explained by the variations
of the amplitude of the composed multi-SI, due to the different
amplitudes and phases of the component interfering sinusoidal
vectors ‘(see Figﬁre 5.2.2).

Figure 5.2.7 illustrates the BER performance evaluation
of the interleaved 3/4 rate convolutional codec in a SI blus
AWGN environment. As observed, for S/I > 3 dB, the inter-
sLeaved and coded BER performance is identical to that of
the coded BER performange £71. " on fhe other hand, for S/I
< 3 dB the interleaved codec BER performance is impéovéd

4, with respect to the

by 5.7 dB in the area of P(e) = 1.0
coded BER performance.

These experimental results are actually in agreement
with the results of the derivation given in reference [52].
In this reference the derivation of the equation relating
thé P(e) to S/N of an uncoded NRZ signal corrupted by SI
plus‘AWGN is mostly based in equation (9) [21] giveﬁ on page 55

of- this thesis. According to equation (9), SI is effectively

disturbing NRZ signals as long as the S/I is kept below
3 aB. RN
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5.3 Performance in an Impulsive Noise Environment

a) An Introductory Overview of Impulsive Noise

In many cases the distribution of the additive
disturbances in a communication channel tend to be "im-
pulsive noise" nature. In general, an impulse may be
considered as a tnfnsient that contains an uniform spectrum
over the frequency Band for which it is defined [221; a uniform
Spectrum requires that all frequencies are present of equal
amplitudes over the fre@uency band. Of course,
this is the ideal”case of reﬁEésentinglan impulse. 1In
~general, impulsive noise is the combination of successive
impulses, ﬁhich may have random amplitudes and random time
spacing [22]. Usuélly, in a real iﬁpulsivé noise environment,
the separation of these successive impulses is not possible.

Figure 5.3.1 illustrates-different successive impylsesyand

communication system.
The mechanism by which impulsive noise is prodﬁced can
usually be traced back to a siﬁple physical source, which pro-
duces seqﬁeﬁces of usually overlapping impulses. §ince‘the
impulses, generated by the noise source, deliver energy in
bursts (see Figure 5.3.1) (6], the errors cauged to a received
digital signal also appear in bursts. In this case,'the_
maximum and average length of the error-bursts and the duration

of the error-free intervalé, depend upon duration of the

burst energy entering the receiver (after filteSing) £6] [48].



|

(a)

(b)

Fig. 5.3.1 - (a) Impulsive Noise and
(b) System Response to Impulsive Noise
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A parameter giving information about the instan-
taneous peak values of impulsive noise and its average .
energy, delivered in bursts by the noise source, is the

peak factor. The peak factor is defined as follows (21].

Vpeak

vrms (aB) - (10)

Peak Factor = 20 loglo

Il

whele Vpeak = the peak value of impulsive noise,
Vrms = the rms value of impulsive ﬁoise.

From equation (10) it follows that the higher the value
gf the peak factor, the lonéer the error-bursts created to
a received digital signal, exposed to an impulsive noise
environmenﬁ [48].

" A mathematical derivation to fit such con51deratlons can
become very compllcated especially in the case of 1mpu151ve
noise consisting of overlapping impulses [2?]. However an
illustrative mathematical model qalculatiqg the probability
éf error of a baseband NRZ signal exposed in a simplified
impulsiveJnoise ehvironment, is given in reference [53].

In this section the performance evaluation of the inter-
leaved 3/4 rate convolutional codec in an ihpulsive noise
environment such as the one considered in -reference [53], is
first given. Nekt, for a BER performance evaluation in a
more realistic impulsive noise environment, the interleaved
codec performance is evaluated in a non-Gaussian "spikey"

-

v -
noise environment, realized in the laboratory by an out-of-band
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interquulation products model [38].

b) Performance Evaluation in a Simp¥¥fied Impulsive
Noise Environment

The experimental set-up used for the Ssystem BER per-
formance evaluation, in this environment, is the same as
the one shown in Figure 5.2.3. However, in this case, ’
impulsive noise was considered as the only éource of inter-
ference.

The Impulsive noise used in this scheme, consists of
a "train" of periodic, positive, narrow pulses having-the
same ve;y high amplitude in comparison to the NRZ'signal
peak-to-peak amplitude, as shown in Figure 5.3.2. As
also can be seen from this figure, the duration of the
pulses was fixed to TN =1 ﬁsec, which is much.smaller than
the symbol duration (15.6 usec) of the ﬁRZ signal. Therefore -
this "train" of periodic Pulses, can be easily visualizegd
to be a "train" of disturbing impulses. Also, the term
of impulse rate of repetition (VvI) per information symbol,

defined by equation (11) below.[483 [531, will be used.

_

VT = Frequency of Occurrence of Impulses (11
Symbol Rate 11)
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For the symbol rate of 64 kb/s, Table I gives three different
values of VT for three different values of frequency of
impulse occurrence. Figure 5.3.3 shows the time and frequency
domain represenﬁ%tions of the receiving LPF (see Figure 5.2.3)

impulse response.

Table I
Frequency of ~ Information Symbols VT
Impulse per Impulse Impulses per
Occurrence (Hz) Period Infor. Symbol
64 : 1000 1073
640 : 100 . 1072
6400 10 - T

The main lobe of the time domain representation of this LPF
impulse response, is causing independent errors to the NRZ

sighal for high S/N. For low S/N the tail of the time domaip

' representation of the LPF impulse response is also causing

L}

errors to the NRZ signal (providing that the noise power is
kept constant and that no other type of interference %s
present) and therefore, the errors are more likely to
appear in bursts. These considerations on error-burst
genération are in agreement with the theoretical coqsi—
derations of reference f48], since the impulsive noise
power and.therefore the LPF impulse response depends-uéoq

the amplitude of the periodic impulses (see .Figure/5.3.2b).

13

b
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- . . Bitterworth; - 3 4B at 40 KHz)
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Horizontal: 5§ usec/div

Vertical : 10 mv/div
Impulse Repetition Rate

VD = 1071

Fig. 5.3.4 - Eye Diagram of\ D sturbed NRZ Si

gnal
by Impulsive Ndése :



‘Figure 5.3.5‘shows'the experimentally obtained BER
performance'evaluation for a 64 hh/s uncoded baseband
NRZ signal, exposed to the impulsive.noise environment
described‘abovef Of course, to obtain this BER performance
the interleaved codec was by-passed from the set-up shown
in Figure 5.2.3. 'As observed from Figure 5.3.5, for the

same signal to noise ratio (S/N), higher BER values

- were obtalned in the case of 1mpu151ve nocise of higher

!

impulse repetltlon'rates than in the case of ‘lower impulse

- repetition rates. These experimental results

are in agreement (within an accﬁracy~of‘i 20%; worst case) with
the theoretical obtained at the, Unlver51ty of Ottawa 53]
BER performance evaluatlon results, shown in Figure 5.3.5 ‘
w1th the dashed llne. For these BER performance calculatlons
the same set-up under the“same'signal and'noise conditions
Was con51dered, as in the present experlmental evaluatlon.
Flgure 5.3.6 shows the experimental BER’ performance
evaluatlons_ln the same impulsfve'noise environment, of the
coded and dninterleaved and the coded and interleaved'
baseband signals, as they compared to the uncoded baseband
signal case;_ For the BER performance evaluatlon shown in
this figure, the 1mpuﬁse repetltlon rate of the disturbing
impuls}ve noise ﬁgs‘flxed‘at-vT = 10 -1 (1 impulse per 10 .
information symﬂpls) As can be seen, the coded and

1nterleaved System BER performance has been improved . by

B -4 -
’ L

L] 7 ‘:\\ ’ " =
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' Flg. 5.3.5 - E:xperm\e.ntal and Theoretical BER Performance in a Smpllfled

Impulsive Noise Ehv:u:orment
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I sSI@®L :NRZ, PRBS

2151, 40 mvpp, -
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Fig. 5.3.6 - Measured BER Performance J.n an

Envirorment. ..

A

Impulsive Noise (vT=10'l)
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almost 3 4B in the.area of BER=10_4, as compared to the
uncoded and-uninterleaved case. Actually this 1mprovement

| can be explained by the consideration that, for S/N > 4 dB
the occurring due to impulsive noise error-bursts have
average length less than the system interleaving depth of

32 symbols. On the other hand, for S/N < 4 dB the average
length of the occurring error-bursts starts to become comparable
to the interleaving depth of 32 symbols. As a consequence
the. threshald deéoder at the receiving end, is unable to
correct so many random‘errdrs, which are the result of the
error-bursts spreading by the interleaving process. There-
fore, in this area of S/N, the eoded system BER performahce
shows a degradation with respect to the uncoded case,

whlle the coded and lnterleaved BER performance shows a small
improvement w1thlrespect to.the coded BER performance, and an
increased'éegradation, as the S§/N dedreases, with respect to
the uncoded BER performance.

Finally, Figure 5.3.7 shows the s§stem BER performance
evalaation, obtained ih an impulsive hoise environment of
lmpulse repetition rate 'T ='"10.—.2 (1 lmpulse‘bEr 100 information
symbols) . In this case for S/N > 12 dB the oceurring error-
bursts have average length mﬁch smaller than thelihterleaving

depth;of232 symbols, As a resalt in this area of S/N the
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interleaved and coded system BER pérformance, as compared

to the uncoded case, shows an improvement of the ofdef of
2.dB; which is almost equal to the improvemeht shown by

the coded but uninterleaved casé, éé compared to the uncoded
case. On the contfary,'for S/N < 12 dB the error-burst
length is likely to be longer than the case of 5/N > 12 dB.
As a consequence, the BER performance improvement due to
interleaved codec is much greater than for the uninterleaved

codec case.

c) Realization of a Non-Gaussian Noise Source in the

Laboratorx

Figure 5.3.8 éhgﬁs the exéerimental set-up used to
simulate a ﬁore realistic ﬁon-Gaussian noise source in the
. laboratory for the purpose of BER performance evaluation
of the interleaved 3/4 rate cdnvolutional codec. This
non4Gau$sian noise generation method can be easily compared
to the oﬁt~of—band infermoduiatiqﬁ "spikey" products
generatiop, in a real satellite or microwave communication
channel when signals interfered by Gaussian noise are
prbcegsed through transponder nonlineé}ities £381].

White Gaussian noise is passed through a bandlimiting
LPF, which has a cut-off frequency of 200 kHz.  .The outpgt
" of the LPF is still Gaussian since the LPF is a linear

device [21]. The bandlimited noise is then passeqd threugh a
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sof{ limiter nonlinearity. The waveform at the output

of the soft limiter is shown in Figqure 5.3.9.

+A .
»
P .
O
Fig. 5.3.9 - Output of the Soft Limiter
This limited waveform is then passed through a HPF with
a variable cut-off frequency [511. The HPF acts as a
differentiator and'therefore generates overlapping "impulses"
. T

(211, as shown in Figure 5.3.10. In order to get higher k

peak values for these impulses, a 28 dB amplifier is cascaded

to thg HPY.
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As is observed from Figure 5.3.10 the amplitude of the
resulting impulses is much higher than the limiting level
of the soft limiter shown in Figure 5.3.9.. On the other
hand, the duration t of the pulses shown in Fiéure 5.3.10
is not a constant. As a result the time available féf
each pulse to "die" completely ié differerft, which modifies
the pdf 6f these impulses.

From the above discus®mion, it follows éhat the pdf
of the overlapping impulses at the output of the non—Gaussian
sour&e,-depends on amplitude and fregquency rangé of the ouﬁpﬁt of
the Gaussian noise source, the cut-off frequencies of the-LPF and
HPF and also the amplitude characteristics of these two filters [381].
Experimentally it was verified that, by varying the cut-off
frequency of the HPF, various pdfs were obtained (see
Figure 5.3.11). As the cut-off frequency (=1/RC)
of the HPF increases,_the time constant t(=RC) decreases.
This reduces the rms value of the ?ﬁtput non-Gaussian
noise. Because of the differenﬁ_pdfs and therefore
different rms and peak values of the noise, different peak
factérs* experimentally were obtained at the output of the
non-Gaussian noise source, for various HPF cut-off frequencies

(see Table II). For the analytical derivation of these

The peak factor of a practical non-Gaussian "spikey" noise
source has to be at ‘least 7 dB higher than the "typical”
peak factor (13 dB) of a practical Gaussian noise :
source [30] [46]. '
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a) 700 KHz, 0.5 v/div b). 900 KHz, 0.5 v/div

-~

-V — v
e} 1 MHz, 0.5 V/div d} 1.2 MHz, 0.5 v/div
Fig. 5.3.11 - Experimentally Ohtained pafs for

Different HPF Cut-off Frequencies
of the Non-Gaussian Noise Source



" hardware limitations. Finally, for the purpose of BER
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pdfs, a complicated mathematical approach’is required’

(28] [341 (48], which is out of the goals of this thesis.
. - ﬁ , .

¥

Table II

Non-Gaussian Noise

HPF Cut-off frequeﬁcy ‘ Source Peak Factor \‘_
700 KHz e 19.2 aB-
900 KHz 25.1 dB
1 MHz .30.88 dB.
1.2 MHz . . 35.63 aB

-

For more accurate estimatioh of the ﬁeak factor values,
given in Table;Ii, the cgnfiguration éhown in Figure 5.3;12
was ﬁsed to measure the noise instantaneous amplitude
valueé‘at the outpuﬁ_of the'non-GauSSian_noise soufﬁe r3ol.
In this configuratioﬁ any time that VA # VBa positiye pulse
(0 fo +5V) is produced by the flip—flop,_counted by the
following couhter. Therefore, by adjusting the 10 Kohm
potentiometer and'the.attenuétor, a zero count can be

achieved. This means that VA = V_ and therefore, the voltage

B
comparator output is at the 0 V level. 4E?en by measuring

VB’ VA cép be estimated within an accuracy of #5%, due to

performance .evaluation given in the néxt subsection, the
19.2 dB value of the péak factor was not used, since it is

not high enough to discriminate the non-Gaussian noise .source

s

. .
. , .
. ‘ . .
e e e e _H\,_.,_,_..._.._._....__... e e e i v e e e e e e e



84

e

\ImevucmmU

/

dn-38g sjusuainsesy snTep

Jead @STON ~ 2T°E°S

L3

dorz-dr13

A0T

AT




. . 8’5.

from a Gaussian noise source.’ Similarly the 35.6 dB peak

factor value was not used too, since it is close to

‘T

the maximum operating peak factor (40 dB) of the’true rms

:voitmetef (HP 3400), used for the evaluation.measurements

. . . throughout this thesis (saturation problems).

d) ‘Performance Evaluatlon in a Non-Gaussian "SPlkeY" Noise
) Env1r0nment

Flgure 5.3. 13 shows the experlmental set-up used for~~

the BER performance evaluatmon of the interleaved 3/4 rate

. convolutlonal codec in the non-Gaussian hoise environment

descrlbed in the previous sub—sectlon 5.3c. Because of the

-

operatlng frequency band of the non~Gaussian noise source,

the interleaved codec was 1ncorporated into a Binary Phase

" shift Keying {BPSK) modulatlon scheme, with the carrier

frequency set at 600 kHz [30].
To get' reliable C/N measurements the receiving LPF
cut-off frequency was adjusted to 1.5 MHz. Then from the

measured Values-of.C/N, the values of Eb/ﬁo were calculated -

'psing the procedure indicated below [38].

In general

C = E, x BR . (
N = FO b4 ?W
Zp_ ¢, Bu.
or N N BR
(o]
' (]
..{
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b _ 9 _J‘L-.a &1 - L » _" .
or N_ - N BR (dB) wn 8 < ' (H:Z)(\
o . . . D i3 - :
where C = carrier'power \ .
Eb = energy per bit B -“:1 ~‘
BR = symboi rate =, 64 Kb/s for the glven system '
BW’='rece1v1ng bandw1dth =,1;5 MHz ﬁorwthe given
system . : T
N = mean n01se power measured in the 1. 5 MHz
bandw1dth -
) N, = noise Eower‘ig one Hz bandwm@th ' e ﬁ‘i\Q
‘Therefore, for the given system equation (12) becomes: . - .
E | 6
b - §-+ 10 log 1—5—"% (aB)
Ny .7 64 x 10
or . -2 =S5+ 13.69 (4m) o 13)
N N . . ‘ .
0 -
Figure 5.3.14 shows the BER performancé evaluation of the ’

Y

interleaved %/4‘rate cdnvolutional codec in the non-Gaussian
noise eqvirbnment. As can be seen, for both values of the.
peak factor, the coded and uninterleaved BER performances
{curves Bl and Cl)‘are significantly &egraded with fespect
to the uncoded BPSK BER performance in a Gau551an noise
env1ronment (curve A). This can be explalned by the' codec's
,1nab111ty to correct error-— bursts of length’ longer than 2
errors per burst. rThe_dszerence in degradation

between curves Bi and Cl can be explained by the different

s
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Flg. 5 3.14 - Measured BER Performance in a Non—Gaussmn "Spikey"

Noise Env:_romrent
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.error-burst lengths, caused to the BPSK signai by the different
'peak factors of non-Gaussian noise [48]. For the same reason, -,
dlfferent improvements, due to _interleaving, of the system BER
‘°pperformance were obtained for different peak factors of the
noise source. Therefore for non—Gau551an noise of peak factor
of 30 dB, interleaving was not able 'to make tnelcodec to cor-
rect so many random errors and consequently to "shift" the
system BER performance to the left of'curve A. However, the
1nterleaved system BER performance (curve B, ) shows a 51gn1f1cant
1mprovement with respeot to coded and unlnterleaved system BER
performance (curve B).

On the other hand, for non-Gaussian noise of peak factor

of 25 4B,. the interleaved and coded system BER performance
(curve Cz) shows an lmprovement of 1\25 dB w1th respect to curve
A and a total improvement of 12 dB with respect ‘to curve ¢
(coded but unlnterleaved BER performance) in the area of

P(e) = 10 73, In this case, the average length of the error-
bursts, mhich due to interleaving appear like, random errors to
the threshold decoder, is shorter‘than in the.case of peak“factor
of 30 dB. However, no actual measurements to verify the average
error-burst length were attempted in this performance evaluatlon
set-up also, since for these measurements, excessive computer
work is required,.mostly_due to the complexity of the non4
Gaussian "spikey" noiseé, generated as described in sub-section
5.3.c.

S,



'CHAPTER VI

FEATURES AND LIMITATIONS OF INTERLEAVED CODES

APPLICATIONS IN REAL COMMUNICATION CHANNELS

The data communication system designer, who must weigh the
advantages of error control against its costs, w111 form a
dec151on based on the nature and qﬁellty of the channel and of
the other terminal equipment already present. Yet with the
dramatic improvement in error control techniques and greater
rellance on satelllte communlcatlon systems (1nclud1ng also
terrest;al microwave links) for broadband data and‘veice trans-
mission, decisions in favour of error control are beeoﬁing even
more frequent.:‘Satellite channelf have been generaliy considered
to.be adequately represented by.independeht;randoﬁ error modeis
(memoryless channel’) [38]. In such channels the ﬁoet effective
forwaré'error correction techniques can reduce the reéeived'
51gnal to-noise ratlo, requlred for a glven desired blt_error
rate, by 5 to 6 dB or more, compared to a system w1thout error
control [7]. This translates directly into an equlvalent
reduction in required satellite effective radiated powe}, with
consequently reduced satellite weight and potentially reharkable
reductions in satellite booster costs. ‘For a satellite system‘
with many ground.stations even greater cost savings may
be possible,by reducing the receiving anteénna area by a factor
of 4 and compensating by savings of 6 dB made:poseible by use

of error control.

.

llJ

The cost of error dontrol is two-fold: the ‘equipment
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which, as just noted, may be more'than compensated‘by
reduction in other terminal equipmentvcosts; and the
redundency requived by the error control code [51‘[13} | This
‘redundancy need not, however, to reduce throughout if
addltlonal bandw1dth is available in the channel. Satellite.
channels, in partlcular, are often not as mUch bandwidtn
limited as- they are power -limited. Still, even small
bandwldth increases can,produce conSLderanle power sav1nge.
- For example, an error control technlque which employs a rate.
‘1/2 code (100% redundancy) Wlll require double the bandwidth
of an uncoded system- on the other hand 1f a rate 3/4 code is
used, the redundancy is 33% and the bandw1dth expan51on\only
4/3. Ye%'the coding garn for a rate 3/4 eode ié.only about 1
aB less than thaéfof a rate 1/2 eode of the same complexity.

However, in complex satelllte systems 1nvolv1ng
multichannel communication and multlple adcess requ1rements,
problems like adjacent channel.interference} co-channel
- interference, intermodulation distortion (TWT non-
1dnearitiee); foss of synchronisation, satellite tracking:
errors etc., meQ.introduce grror-bursts.’ In addi;idn, in the
satellite grouhd segment [38] [47]_(euch as microWave links,
HF and tropospheric propagation linké) error-bursts may be.
introduced. Usually in these channels, which are—subject of
fading and multipﬁth phenomena, the'error%bursts rend td
corrupt long sequences of information symbols [38];144].

<
Without precautions these error-bursts will make virtually
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any ranéom—error correcting. technlque 1neffect1ve; One of-

the most direct preventlve measure is to 1nterleave (or

-scramble) the 1nformatlon symbols -after encodlng but prlor “to
transm1531on and to perform the inverse operatlon at the

receiver prlor to decoding. These Ooperations can be“realized by
devices called interleavers. An interleever can be

-associated with any coding.technique as an external device.
Another'approaoh ie to incorporate the inteyleaving into the
encoding and decoding procedure (internal interleabing).

Interleavers are characterized by their encoding delay

D, which is the maximum deley encountered by any symbol

before it is inserted into the outéut sequence.  Actually an
interleaver is optimum if it achieves the minimum possible .
encoding delay. It is this encoding delay which usually

makes interleaving applications in packet transmission and ;
retransmission systems in terrestial miorowave communication
channels probleoatic'[BBJ [48]. This 4s so; because in these

systéms the information symbol propagation delay is of the

order of the encoding delay usually introduced by inteleavers

[29] [47]. Therefore extra cuitry (data buffers) is

o
required to anticipate the tra opagation delay (usually

in the case of data transmission), wkich highly increases the
overall system cost [47],

On the other hand data and v ce transmission via
satellite will experience a propagatlon delay, which is

usually greater than 0.25 sec [38]. Therefore, the encoding
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'delay'due Eo interleaving (usually optimized in the area of.
microseCOnds), will not signifiéantly influence the overall
R symbol propagation. From the above discussion it is obvious
i “that interleaved codes are widely applicable for error—burst
and random error correction, in data or voice‘%ransmission

vie satellites [38] (£ [47].

93
In order to provide the literature with more information -

about the BER performence of interleaved codes in complex
interference envirénmentb as appear in satellite channels
(381, an (32, 64)/(64 32) 1nterleav1ng system was designed
and built to accompany a_3/4 convolutional codec [7].

Specific¢ally, the BER pPerformance of the interleaved
codec was first evaluated.in an unmodulated carrler SI plus
AWGN environment. The source of this type of 1nterference
in a satellite channel could be a cross polarizeéd signal
maned from the same satellite a sidelobe 1nterference from
a ground statlon transmlttlng to a nearby satelllte, or a
signal from a ground microwave link Ooperating in the same
Band as the-receive earth terminal. [38].

However, SI is not the only source of BER performance
degradation of the received signals, in a satellite communi-
cation ‘channel. Satelllte .Lransponder or earth terminal power

amplifier amplltude nonlinearities can also generate inpu

- .signal performance degradations [38]." As a consequence) the
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two impulsive noise environments deScribed in Section 5.3.of

this thesis. . ' .

Chapter V of this thesis, it was evident th an errqr event
data acquisition measurement system was required for the |
exact error-burst'lengﬁh estimation. However, because of the
complexity_of.the interfacing of the communication measure-
ment instruments with a minicomputer system} the implementation

of this ﬁeasurement system was left as future work in

another project. ‘ - E



various transmission environments encountered in many

-~
-

: K \' .~ CONCLUSION

The experimental performance of‘a rate 3/4 interleaved

conxglutioﬂal codec has been reported with regpect to
)
practical-communicatidg_systems. The feported results
confirméd thatﬁghe particular in£erleaving system, chosen

to complemernt the rate 3/4 convolutional codec, eliminates
indeed the channel memory effects on the received digital
symbols. The }nterfeaved codec Qerformance was effective

in complex environments such as'sinusdidal interference

(s1), AﬁGN plus SI in é simpiifiég impulsive noise environment
and in an out-of-band intermodulation "spikey" products
environment. &pre specific in the SI plus AWGN environment,

the system BER performance was improved due. to interleaving -

by 5.7 dB in the area of P(e) = 10—4, as- long as S/I was

' kept below 3 dB. TIn the case of a simplified model of impulsive

noise, consisting of periodic narrow impuls%s, the system

BER performance was improved due to interleaving by almost 3 4B

in the area of P(e} = 1074 for impulse repetition rate vT = 1071

impulses per symbol and by almost 4 dB for vT = Ib_z

4

in the -area
of P(e) = 10 °. Finally, in the non-Gaussian "spikey" noise
(intermodulation product) environment, thé syétem BER perfor-
Wance was improvéd due to interleaving by 10° dB in the

area of P(e) = 1Q—5 for noise of peak factor of 30 dB. On

the other hand, for noise of peak factor of 25 dB the system

i

¥ g
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B L

BER performance was improved‘iye to interleav}ng by almost
0—5

13 dB in the area of P(e) = T

’
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