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In this chgpter we discuss basic communicaionisaues, such as synchronizaion,
coding, scrambling, modulation, and so on.
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* Everything
should bemade
as simple as possbile,
...out not ssmpler.”
L ]

Albert Einstein



Information A

What is information?
Carried by symbols
Recognized by receiver (hop efully)
Interpretation is the key...
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What isinformation? This question may soundquite easy but think a bit about it.
Obvioudy we need symbols to represent information. But these symbols mug
also be remgnized as symbols by therecaver. In fad, philophicd consderations
condudetha information can only be defined througharecever. The same
problemiswith art. Wha is art? Severa decades and centuries had their own
definitions Today mog critics use a general definition: art can only be defined in
context with theviewer.

In thefollowing chgpters — throughoutthewhole daa communication —we will
deal with symbols representing information. A symbol isnota 0 or a 1. But this
binary information can be represented by symbols. Be patient...



Symbols A

Symbols (may) represent information
Voice patterns (Speech)
Sign language, Pictograms p€aa
Scripture
Voltage levels
Light pulses

Blue Whale Sonagrams
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What is a goodinformation source?From a theoreticd point of view arandom
pattern is the best becaise youll neve know wha comes next. On the other hand,
if yourecave a continousstream of the same symbol this would be boring. More
than boring: thereisnoinformationin it, becaise you can predict what comes
next! Fromthis we condudethat a sophisticated coding — representing the
information as efficient as possible usng symbols —isacriticd step during the
communicaion process

Throughoutthese chapters we will mainly deal with symbols such as voltage
levels or light pulses.

Look at theBlueWhde Sonogams. The x-axis represents time, they-axis
frequency and the color represents power dendty. This communicaion pattern is
very complex (those of dolphinsis even more complex). It is known tha eat
herd has thar own traditiond hymn. And: they like to communicael!



Symbols on Wire L

Discrete voltage levels = "Digital"
Resistant against noise

How many levels?
Binary (easiest)
M-ary: More information per time unit!

\ J |
[
Binary M-ary
(here 4 levels, e. g. ISDN)

Wha symbols do we encounier on wire?Digita binary symbols are commonly
known andwiddy in use. Why? Congder information trangmissonsin groups of
symbols (for example the groupof 8 binay symbolsis cdled abyte). We have
two parameters. the number base B andthe grouporder C. If you cdculate the
"cods' tha you ge for arbitrary variationsof B and C, and if we assume alinear
progress(so tha cost =k” B” C) then for any given (congant) cog the perfed base
would be B=g, tha isB=2.7182..

In other words the perfed base is anumber between 2and 3. Thetednicd
easiest solutionisto use B=2. Note tha these congderationsassume alinear cost
progresson.

In many cases we pay the price of higher efforts and use alarger base. Thisleals
usto m-ary symbols and later to PAM and QAM.



Synchronization YN

Sender sends symbol after symbol...

When should receiver pick the signal
samples?
=> Receiver must sync with sender's clock !

Sampling instances Interpretation:

00001 ?

K ]
00001100110
000100111111

001010010111
(only this one is correct)
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One of themod important issies amongcommunicaion is tha of
synchronization. Nature forbids absolute synchronization of clocks. Suppose you
are arecaver and you seedternaing voltagelevels on yourrecavinginterface If
you had noidea about the sending clock then youwould neve be able to
interprete the symbols corredly. When do you make a sample?



Synchronization YN

In reality, two independent clocks are
NEVER precisely synchronou s

We always have a frequency shift

But we must also care for phase shifts

Phase shift
(worst case)

Different

clock ?
frequencies 2?2???7?72?27?7?7? 5
I}
* 001010011110 x
001010011011
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So we mug assume tha therecevers clock is approximately identicd to the
sendas clock. At least we must deal with small phase and frequency gaps. Asyou
can seeinthedideabove, we still cannotbe sure when to make samples.

Wha we need is some kind of synchronizaion method.



Serial vs Parallel A

Parallel transmission
Multiple data wires (fast)
Explicit clocking wire
Simple Synchronization but not cost-effective
Only useful for small distances
Serial transmission
Only one wire (-pair)
No clocking wire
Most important for data communication
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In case of parall el tranamissonsthereis always adedicaed clock line Thisisa
very comfortable synchronizaion method. A symbol pattern onthedaalines
should be sampled by therecever eat time aclock pulseis observed onthe
clock line But unfortunaely, paral e transmissonsare too cosly onlonglinks.
In LAN and WAN data communicaion there are pradicdly no pardl el lines.

Themod important trangmisson techniqueis the serial. Datais trangmitted over
asinglefiber or wire-pair (or eledromagentic wave). Thereisnoclock line How
dowe synchronize sende and recever?



Asynchronous Transmission

Independent clocks
Oversampling: Much faster than bitrate
Only phase is synchronized
Using Start-bits and Stop-bits
Variable intervals between characters
Synchronity only during transmission

Inefficient
Start-Bit Stop-Bits
FrrrTrry FrTrrrry T T
Start-__ | | Character Character Character
Edge LLLLLL LLLLLL LLLLLl

Variable
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One synchronizaion methodis the AsynchronousTrangnisson. Actudly this
method cannotprovidered synchronizaion (hen@ thename) but at least a short-
time quasi-synchronizaionis possible. Theideais to frame daa symbols usng
start and stop symbols (lets doppycdl them start- and stop bits). Using
ovearsampling, thereceaver is able to get a sample approximately in the middle of
ead bit — but only for short bit-sequences.

Asynchronoustransmissonistypicdly foundin older charader-oriented
tedhnologies.

Example applicaion: RS-232C
Relative overhead: 3/11



Synchronou s Transmission VN

Synchronized clocks
Most important tod ay!
Phase and Frequency synchronized

Receiver uses a Phased Locked Loop (PLL)
control circuit
Requires frequent signal changes
=> Coding or Scrambling of data necessary to avoid
long sequences without signal changes
Continous data stream possible
Large frames possible (theoretically endless)
Receiver remains synchronized

Typically each frame starts with a short "training
sequence" aka "preamble” (e. g. 64 bits)
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Themog important methodis the SynchronousTransmisgon. Dont confuse this
with synchronousmultiplexing-we are still onthephysicd layer! Two things are
necessary: acontrol circuit caled Phased-Locked-Loop (PLL) and asignd that
congsts of frequent transtions How do we ensure frequent trandtionsin our daa
strean? Two possibiliti es: coding and scrambling our data.

SynchronousTrangmissonis foundin mos moden bit-oriented technologies—
nearly anythingyou know.
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Line Coding L
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Thetrivia codeis Non Retumn to Zero (NRZ) which isusudly the human nave
approach.

Remarks:

RZ codes mightalso use a negative level for logica zeroes, aposdtive level for

logicd onesand azeo Volt level inbetween to return to. RZ isfor example used
in opticd trangmissons(smple modulation).

NRZI codes eithe modulete for logcd ones or zeros In this didewe modulate
thezeroes, tha isead logicd zero requires atrangtion at the beginning of the
interval.

NRZI meansNon+eturn to zero inverted or interchanged.

B8ZS: same as bipolar AMI, except that any string of eight zerosis replacel by a
string of two codeviolations

Manchester isused with 10 Mbit Ethernet. Token Ring utili zes Differential
Manchester. Telco badkbones (PDH technology) use AMI (USA) or HDB3
(Europe). Of course there are many many other coding styles.

11



Power Spectrum Density L
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Theslideabove compares the power dengty distribution of some codes
mentional before. Obvoudy the codemust match the spedral charaderistics of
thetranamisson channd.

Note tha these codes are still kindsof baseband tranamissons Eadc onecan be
modulated usnga carier signd at higher frequency to comply to a speafic
channd charaderistic.

12



Scrambling Example L

t(n-7) t(n-7)

Example:
Feedback Polynomial = 1+x4+x’
Period length = 127 bit

Channel

s(n) ,é
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Anothe methodto guaanteefrequent trangti onsis scrambling. Scramblers are
used with ATM, SONET/SDH for example.

Thefealbadk polynomal above can be written as
t(n) = s(n) XOR t(n-4) XOR t(n-7)
Thedescrambler recdculates theorigind pattern with the same fundion (change

s(n) with t(n))

Period length = 2"R -1 , where R is the nunber of shift registers

That is, even asingle 1 ontheinput (and al registers set to 0) will produeal27-
bit sequence of pseudorandompattern.

This scrambler is used with 80211b (WirelessLAN).

13



Transmission System Overview

Information
Source

Source
Coding

Channel
Coding

Line
Coding

Modu lation

A

10110001...

Information
Interpretor

Filter unnecessary bits
(Compression)

Source
Decoding

DIGITAL

FCS and FEC (Checksum) ---------- >

Error
Detection

Bandlimited pulses
NRZ, RZ, HDB3, AMI, ...

Descramber
Equalizer
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f Noise

Filter
Demodu lator

ANALOGUE

Codingis notcoding. The aboveslidegives you an overview about diff erent
coding purposes. Even modulationis sometimes cdl ed coding.

Sourcecoding tries to eliminae redundancy within theinformation. Source
codas mus knowwell aboutthetype of informationtha is ddivered by the

source.

Channd coding proteds the non+redundant data strean by adding cdculated
overhead. Typicdly a Frame Check Sequence (FCS) is added. Only onvery
erroumessand/or long-dday linksa Forward Error Corredion (FEC) method
mightbe useful. FEC requires too much overhead in mog terrestial applicaions

Linecoding focuses ontheling tha is we want the symbols to be receved

corredly, even if noise and distortionsare present. Furthermore line coding
provides clock synchronizaion as discussed ealier.

Findly modulation might be necessary in case thechannd has better properties at
highe frequendes.

14



Communication Channels A

Usually Low-Pass behavior

Higher frequencies are more attenuated than
lower

Baseband transmission
Signal without a dedicated carrier
Example: LAN technologies (Ethernet etc)

Carrierband transmission

The baseband signal modulates a carrier to
match special channel properties

Medium can be shared for many users (different
carriers) —e. g. WLAN

(C) Herbert Haas 2010 /02/15 15

Ead communication channd exhibits alow-passbehavior—at least beyonda
very high frequency. Not only isthesignd attenuaed; phase shifts occur and
even nonlinear effeds sometimes rise with highe frequendes. Theresultisa
smeaed signd with littl e energy.

In mogt cases thesignds do notneed to be modulated onto acarier. That is, all
the channd bandwidth can be used up for thissignd. We cdl this baseband
trangmisson.

Carrier and trangmisson put the baseband signd onto a carier with higher
frequency. Thisis necessary with radio tranamissonsbecaise low frequendes
haveavery bad radiation charaderistic. Another exampleis fiber optics, where

spedal signd frequendes are significantly more attenuaed and scatered than
others.

15



Channel utilization examples L

P b
De?r;/liry Baseband
Transmission
» Frequency
Power 1t ) .
Density Multiple Carriers
fa ‘fa fs » Frequency
Power |
Density
Telephone
Channel
I I | » Frequency
0.3 1 2 3 34 (kHz)
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Theabove dide shows some examples for baseband and carierband
trangmisson. In case we use multiple carriers we may also cdl it broadband-
trangmisson.

Thethird picture (bottom of slide) shows the spedra charaderistic of atelephony
channd (signd). Thel TU-T ddfined an "attenuaion-hos" in gred ddall
(dynamics, ripples, edge frequendes, etc). As arule of thunb we can exped low
attenuaion between 300Hz and 3400Hz.

16



Maximal Signal-Rate VN

Maximal data rate proportional to channel-
bandwidth B
Raise time of Heavyside T=1/(2B)

So the maximum rate is R=2B, also called the Nyquist
Rate

Note: We assume an ideal channel here —without noise!
Bandwidth decreases with cable length

As adirty rule of thumb: BW~ Length @const

But note that the reality is much more complex

Solitons are remarkable exceptions...

Maximum signal rate: At least
the amplitude must be reached

(2B)*
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Since eat channd is alow-pass and some channds even damp (very) low
frequendes, data can only be trangmitted within a certain channd bandwidth B.

If weputaO to 1trangtion ontheline(with ideally zero trangtion time), the
recaver will seea dope with arisetime of T=1/(2B).

So themaximal signd rate is T=1/(2B) —in theory. In pradice we need some
budge becaise thereis noise and distortion and imperfed devices.

Thelonge the cable themore dramaticdly thelow-passbehaviour. In other
words onthe same cable type we can tranamit (let's say) 1,000,000,00mits/s if
thecableisonemeter in length, or only 1 bit/s if thecableisonemilli on
kilometersin length.

It is very interesting to mention that some moden fiber optic trangamisson
methodsviolate this basic law. This methodsbase on so-cdl ed Soliton-
Trangmisson.

17



The Maximum Information Rate A

What about areal channel? What's the
maximum achievable information rate in
presence of noise?

Answer by C. E. Shannon in 1948

Even when noise is present, information can
be transmitted without errors when the
information rate is below the channel capacity

Channel capacity depends only on
channel bandwidth AND SNR

Example: AWGN-channel
C=Blog (1 + S/N)
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Thegrea information theory guru ClaudeE. Shannonmadeagred discovery in
1948.Before 1948, it was commonly assumed, that there is noway to guarantee
an error-lesstranamisgon over anoisy channd. However, Shannonshowes that
trangmissonwithouterrorsis possible when theinformation rate is below the so-
cdled channd cgpaaty, which dependson bandwidth and signd-to-noise ratio.
Thisdiscovery isregaded as oneof the mog important achievementsin
communicaion theory.

18



Bitrate vs Baud A

Information Rate: Bit/s
Symbol Rate: Baud

The goalis to send many (=as much as possible)
bits per symbol
=> QAM (see next slides)

N bit/s 2N bit/s
N Baud N Baud
‘ [ / |
L
lo/o/1]o]1]o]ol1]0]1]1]1] loo]10[10/01/01]11]
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Baud is named after the 19th centurey French inventor Baudot, origindly referred
to the spedl atelegraphe could send Morse Code

Today thesymbol rate is measured in Baud whereas theinformationrate is
measured in bit/s.

19



Analogu e Modu lation Overview L

EVERY transmission is analogu e — but there are different methods to
put a base-band signal onto a high-frequency carrier

The most simple (and oldest) is ASK
The illustrated ASK method is simple "On-Off-Keying" (OOK)

FSK and PSK are called "angle-modulation" methods (nonlinear =>
spectrum shape is changed!)

For digital transmission, almost always QAM is used
The BER of BPSK is 3 dB better than for simple OOK

Amplitude Shift Keying (ASK) Phase Shift Keying (PSK) Frequency Shift Keying (FSK)

g(t) = A cos 20/t +[7)

These three parameters can be modulated
(C) Herbert Haas 2010 /02/15 20

The slide shows ageneal modulation equéion. The 3 parameters of the equation describe the 3 basic modulation
types. All 3 parameters, theamplitudeA,, thefrequency f, andthe phase |, can be varied, even simultaneoudy. In
nature, thereis no red digital transmisson;thebinay daa stream needsto be corverted into an analogsignd. As
first step, thedigital daawill be “diredly” transformed into aanalog signd (0 or 1), which is cdl ed a baseband
signal. Inorde to utili zetransmisson media such as freespace(or cables and fibers) the base signd must be mixed
with a carrier signd. This analog moduation shifts the center frequency of the baseband signal to thecarrier
frequency to optimizethetransmisson for a given atenuation/propagation charaderistic.

Amplitude Shift Keying

A binary 1 or Ois represented throughdiff erent amplit udes of a sinus otill ation. Amplit ude Shift Keying (ASK)
requires lessbhandwidth than FSK or PXK since natura nonfadt saltus. However ASK isinterferenceprone. This
modulation type also used with infrared-based WLAN.

Frequency Shift Keying

Frequency Shift Keying (FSK) is often used for wirelesscommunication. Different logcd signals are represented
by diff erent frequendes. This method needsmore bandwidth but is more robug aganst interferences. To avoid
phase jumps, FSK uses advanced frequency modulators (Continuows Phase Modulkation, CPM).

Phase Shift Keying

The 3rd basic modulation methodis the Phase Shift Keying (PSK). The digital signal is coding throuch phase
skipping. In the picture aboveyou seethe simplest variation of PXK, using phase jumps of 180°. In pradice to
reduce BW, phase jumps must be minimized, and therefore P isimplemented usng advanced phase moduators
(e. g. Gaussian Minimum Shift Keying, etc). Therecéver must use same frequency and mug be perfedly
synchronized with thesende using a Phase Locked Loop (PLL ) circuit. PK is more robust as FK aganst
interferences, but needscomplex devices.

After understanding these modulation methodsQAM shdl be introduced, which isthe mos important moduation
schame today — for both wired and wirelesstransmisson lines.

20



QAM: Idea

"Quadrature Amplitude Modu lation"

ldea:

Separate bits in group s of words (e. g. of 6
bits in case of QAM-64)

Assign a dedicated pair of Amplitude and
phase to each word (A, )

Create the complex amplitude Ael

Create the signal Re{Ael e }

=A(cos cos t-sin sin t)which
represents one (of the 64) QAM symbols
Receiver can reconstruct (A, )
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QAM: Symbol Diagrams VN

Standard Quadrature
PSK PSK (QPSK)

Other example:
Modem V.29

For noisy and
distorted channels
4800 bit/s

iﬁi For better channels
7200 bit/s

For even better
channels 2400 Baud

. au
9600 bit/s Max. 9600 Bit/s

Im{U}

16-QAM

Re{U}
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Worth to know. Simple Phase Shift Keying (PK) which only uses two symbols,
ead representing either 0 and 1. Quadrature Phase Shift Keying (QPX) with
four symbols.

Usudly theassgnment of bit-wordsto symbols is such that the error probability
dueto noiseis minimized. For example the Gray-Codemay be used between
adjacent symbols to minimizethe number of wrongbits when an adjacent symbol
isdeteded by therecaver.

Theabove dide also shows the symbol distribution over thecomplex planefor
the V.29 protocol which is/was used by modans. Depending onthe noise-power
of the channd, diff erent sets of symbols are used.

14 A00hit/s requires 64 points
28.800hit/s requires 128 points

22



Example QAM Applications L

One symbol represents a bit pattern
Given N symbols, each represent Id(N) bits

Modems, 1000BaseT (Gigabit Ethernet),
WIMAX, GSM, ...

WLAN 802.11a and 802.119:
BPSK @ 6 and 9 Mbps
QPSK @ 12 and 18 Mbps
16-QAM @ 24 and 36 Mbps
64-QAM @ 48 and 54 Mbps
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It isimportant to undestand that spread spedrum (or OFDM) techniques are always combined
with a symbol modulkation scheme. Quadrature AmplitudeModuation (QAM) isageneal method
where pradicd methodssuch as BPXK, QP X, etc are derived from.

Themain idea of QAM isto combine phase and amplitudeshift keying. Since orthogoral
functions(sine and cosine) are used as cariers, they can be modu ated separately, combined into a
singlesignd, and (dueto the orthogondity property) de-combined by the recaver.

And since A*cogwt + phi) = A/2{cogwt)coqphi) — sin(wt)sin(phi)} QAM can be easily
represented in the complex domain as Red{ A*exp(i*phi)*exp(i*wt)}.

The standard P method only use phase jumps of 0° or 180°to describe abinary O or 1. Inthe
right picture aboveyou seea enhan®d P method, the Quadrature PXK (QPX) method. While
usng Quadrature PXK ead condition (phase shift) represent 2 bitsindeal of 1. Now it is
possible to trander the same daarate by hdved bandwidth.

TheQSK signd usss (rdative to referencesigral)
- 45°foradaavaueof 11

- 135°for adaavaueof 10

- 225°for adaavaue of 00

- 315°for adaavaueof 01

To reconstruct theorigind data strean therecever need to compare theincoming signal with the
reference signd. Thesynchronizaionisvery important.

Why not coding more bits per phasejump ?

Espedal in the mobile communicationthere are to much interferences and noise to encoderight.
Asmore bits you use per phase jump, thesignal gets more “closer”. It is gettingimpossible to
recongruc the original data strean. In the wirdesscommunicaionthe QP methodhas proven
asarobug and efficient technique

23



QAM Example Symbols (1) L
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Note tha the above QAM signds show diff erent successve QAM-symbols for
illugration purposes. In redity eat symbol is trangmitted many
hunded/thousand times

24



QAM Example Symbols (2) L
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Note tha the above QAM signds show diff erent successve QAM-symbols for
illugration purposes. In redity eat symbol is trangmitted many
hunded/thousand times

These diagrams havebeen generated usng Octave, afreeMatlab clone

25



“T he biggest problem
with conmunication
ISstheill usion
that it has occured.”

Married?
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