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chapter 1
e

Introduction

1.1 THE ARRANGEMENT OF THIS BOOK

The order in which the separate parts of modem design are treated in this book
is as logical as we could manage, but this book cannot be used strictly sequen-
tially; much jumping forward and backward will be needed. For example,
marketing is dealt with first in Chapter 2, but what you should design is ob-
viously very dependent on whether, and how well, you can design it, and, justas
obviously, on what people want (or can be persuaded to want) to buy; market-
ing factors must be considered at many stages of the design. Similarly, although
transmitters are dealt with first, many decisions on their design must anticipate
the problems of receivers: carrier and timing recovery, equalizer training, and,
perhaps, echo cancellation.

The rest of this introductory chapter contains definitions of the terms and
symbols that are used throughout this book, a brief di-scussion- of modem
standards and of the organizations that develop them, a fan:ly detailed descrip-
tion of those features of the telephone network that are important for data
transmission, and a brief description of the principal ways in which the other
m it. . ..

edCilaagtlgf r2fl'¢;)or?1t:ibuted by Ken Krechmer, 2 m9dem marketing speglahst,
deals with the interaction of technology, applications, and standards in the
creati roducts. .\
oon ot e it mos f hecompcrts o s i
modem as defined in Fig. 1.1. There is one omission; scrambl};3rs @, he'
scramblers should be there, but there was no lo_glcal chapterht;)ll put them in; they
are discussed in Chapter 12, which is something of a catchall.
1
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1.2 DEFINITIONS 3
Chapter 3 is entitleq “B

fundamental importance fi

d impulse
Chapter 12 deals with the by, ffering e‘;:opgnses.

! . en describes th i
converta private-line voice-band e ose functions that are needed to

m 3 . -
Switched Telephone Network (PSTN). 1nto one suitable for use on the Public
Ap

problems during the development stage

The list of references at the end is disl‘learteningly long, but they serve three
purposes—to acknowled

pose 8¢ most (I hope) of the major contributions to the
subject in the past twenty years, to trace and correlate previous developments of

theories and methods, and to show where to find much of the detailed theory
that there was no room for in the book. The references are cited by authors’
initials rather than by the more usual anonymous numbers, in the hope that this
will make them easier to recognize and then remember.

1.2 DEFINITIONS

1.2.1 Modem

The word “modem” is a concatenation of modulator and denpodulator, but
there is a wide range of opinion as to what constitutes .modulauon a_nd demo-
dulation, and whether, indeed, a modem should comprise more than justa mod
and a dem. The functions needed for transmission and reception of data are
shown in block diagram form in Fig. 1 oh, with narrow, traditional and broad
in i what constitutes a modem. N

t"errfll);etaatll‘: l;(s)r(r)xi conceptual advantages to be gamed. ffom requiring that th'e
modulator be memoryless [Ma5]. TFjs leadsﬁt(;il S:eﬁmuon of a modem that is

' i too narrow for prac use. o
log'lrcglelmtiﬁl::xﬁtd?i;iﬁon of a mod is “a device that accﬁpts:i serial binary
pulses from a data source and modulates some property (an;);; ;u ter,an ﬁeql{eqz;
or phase) of an analog signal in order to create a signal suitable orrim smenwdlwer
in an analog medium.” As shown 1n Fig. 1.1, this devw(te ec;x?:be sumcienﬁy’
modvlatcs,and e it ol COM P, e srambleeil
i ory opera _ _ mt

;a;’dgemnizazusl?:l;oru{d g noted that this scr_ambler ltsh for ranctilc;xgﬂl?t;g,o :312
not for encwp&on or secrecy; these latter functions are the respo

11



(758 - n . -J lccelvin
4 (o milarlydd“:r‘l}t’;:;odems deﬁltl’?(tlour:l g:s t‘gay. 8(1%1.ce
m e “data se N the o
taso i< hook is € ccrnined the term “da ded to operate ¢ . Tbing,
tof this 007\ T& T 0 | functions need o OMthe S O
Mos helate 19 1l the contro seful distinction, but it d}d not Catctched
Inmodem W - This was @ U to include all these functiong h n
fa '+on broadened ns of interfaces a modem jg d
and discu551o d the data source and destl D qu‘
Staﬂdards’. t (DCE) an inl
most tion EQWPT . i, computers, multiplexers, or ¢
Communica o terminals,

tl()
E) ther dewceﬁi
e ‘ TE).
whether thle)y taar eTV(,:rminal Equipment (D
a -

1.2.2 Two- and Four-Wire Lines

(4W) line is a pair of two-wire (2W) lines, one for transmity
A four-wire

directions are to be k g -
: ignals in the two directio €Dt oty
vine. in which the signals in . " y
one for recéwn;%,e lrn :)vehrlfc ct separation can be maintained only if the fo
separate. FOWEVET,

: UT-wip,
tion is sustained from transmitter to receiver. If the lineg
configuration

are cop,

. twork (often called a Aybrid of a hybri
ined in a 4W/2W combining ne . Ibrid or &
lt)rlclzl::.(slfolrnmz:zr) at fmy point in the signal path, impedance mism will

Cause
eflections and interference between the two signals; this is discussed in more
I
detail in Section 11.1

The terms “two-wire” and “four-wire” (“ZW” and‘:‘fIW” ) mﬂhﬁg:d v:;]ﬂ ﬂ;]:
book even if the medium contains no wire, and a “line” or ¢

considered four-wire, as far as the modem is cqncerned, if complete separation
of transmit and receive signals is effected outside the modem.

123 Private and Switched Lineg

Private, leaseq or dedicated lines (

usually four-wire) are for the PXC]WV%S
“leased-line” modems—ejther 5 pair (in a simple point-to-point conn Tfite
orseveral (on a multidrop network foy apolling or a contention system). y
otumisthe telephope fetwork, their transmisgion characteristics are
Buaranteed to p, :

. . link i
et certain Specificati ion 1.4), but if the
Cludeg any radiq transmjg ns (see Section Js

: . : that of
i Ston, the quality of ; variable as
norll;i_eclhcated (ie., Switched) line Quality of jt may be as

la .up mo €ms can G o .
o ot

Circuit i 1C

: guar,
linkg ®Stablisheq are aél1 o but
and expey

by
point connection on the %of
alingt or answering. Thed ol
i Phone COmpanies establish Oble"?s tediovs
ive, *Htalways tWo-wire becayse four-wire dialing

Tln A fa.. 12



1.2 DEFINITIONS 5
1.0 Simplex, Half-Duplex, and Full-Duplex

ese three terms are used t :
g‘ mbination of the two, aﬁges:;b;i rsl‘:(;;leem, or a transmission channel, ora
neement precisely. Full-d takep to describe any particular
arrang uplex modems will not work
nels, and half-dupl ' work on half-duplex
Chz‘l‘nSimp,leX” means gané?Odgms can sometimes work in a full-duplex mode!
odem for a tel emetefin © Ol passing signals in one direction only. A remote
m : emetering system might be simplex; a two-wire line with a
conventional un,l,dll'CCtIOIlal amplifier is simplex ;

“Half-fiuplex means capable of passing signals in either direction, but not
in l{Oth simultaneously. A telephone channel via a satellite often includes a
device that suppresses echoes with very long delays by allowing transmission in
only one direction at a time; this renders the channel half-duplex. Echo sup-
pressors are SIO_WIY being replaced by echo cancelers, which are theoretically
full-duplex devices; these are discussed more fully in Section 1.4.

Any moc}em that does not share circuitry between transmitter and receiver
can transmit am.i receive simultaneously if a four-wire line is used. However,
such operation is usually taken for granted, and to qualify as full-duplex, a
modem must be able to operate thus on a two-wire line.

When a modem is connected to a two-wire line, its output impedance cannot
be matched exactly to the input impedance of the line, and some part of its
transmitted signal (usually badly distorted) will always be reflected back. For
this reason half-duplex receivers are disabled (received data is clamped) when
their local transmitter is operative.

Full-duplex operation on a two-wire line requires the ability to separate a
receive signal from the reflection of the transmitted signal. This is accomplished
by either FDM in which the signals in the two directions occupy different
frequency bands and are separated by filtering, or by Echo Canceling (EC) in
which a locally synthesized replica of the reflected transmitted signal is sub-
tracted from the composite received signal. These two methods are described in

more detail in Chapter 11.
«full-duplex” is usually that the modem can

The implication of the term .
transmit and receive simultaneously at «“full” speed. Modems that provide a

low-speed reverse channel are sometimes called “gsplit-speed” or “asymn_letric”
modems; since a 4800/4800 bit/s modem is full-duplex and a_4800/0 is half-
duplex, a 4800 bit/s modem with a 300 bit/s reverse channel might be pedanti-

cally called a 17/32 duplex!

1.2.5 Synchronous and Asynchronous Data

data is always accompanied‘ by a clock signz.ﬂ;
data changes on one edge of the clock (the conv?n.tions are d1scut;sed flllll'thee(;' in
Chapter 12) and should be sampled by the receiving device on the ot er_b f
Synchronous data is almost always grouped in blocks, and it is the responsibility

“Synchronous” means that the

13
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ple those/or correcting according to ope of
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of the data Soor errof det SDLC’ I)n 110 this type of data, cony erserdesh

" ded fi ar . g
pits D€ ; ocols (B tobe transp data. Discussion of these DrOtOCZ)’l;h.e
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NTRODUU'™

; . ; lock, and the tran.. .
his 0O ed by any € s angy,
scoped(;t; is not accoigizlmjna] data rate. To prevent Slippilmng

A) n}CItOCks thls data iS always gr OuDed in Very
S 9

- modem> ** = tart and StOP bits); the most ¢,
tive to the bits (s : mg
he data relative o5 L framing American Standard Code for Informg

bit : . lo
n-bit - this is 2 subset of Internationa] Athabe’:

sed 10 . n part .
;gfeerclllmnge( sCI) Vf'lthheengII)TT recommendation b L.
; s det 4 modulation methods conSIE:md s ttlllls book arey,
Allthe encodinB 8 L e abl to accept asyRED R0 72 PR BCtet-formg
chronous S0 rrllll(i)tter must include a means for syntC mmong 3 data; vy
ted data, ite 00 8 1 ussed in Section 12:1. The most cor method gene,
of doing this &7 tted synchronous data; this sounc.ls like an oxymorop, bug
forma us data stream retains a character formy

ates character-
ans that the synchrono : ; :
g:;zl}; 3;; ble by including start and stop bits of precise duration.

g of
shon

1.2.6 Symbol Rates and “Bauds”’

In most modems the input bits are accepted in groups of from one to six bits
and each group is considered as one symbol; the symbol rate is therefore an
integer dividend of the bit rate. The symbol rate can be measured in bauds,} but
this is a much misunderstood and misused term. Since we need the “b” sub-
script for the bit rate, we will eschew bauds altogether and use f; for the symbol
rate in units of symbols per second.

1.2.7 Symbols and Terminology
The symbols sh 1 i i :
ym! own in Table 1.1 will be used consistently throughout thq b‘.)Ok’

chapter. As far as possible, ini

to serve as mnemonics, § tials of the quantities represented are used in order

ome general rules should be borne in mind:

1. The Symbols g ang

data and , fo
’ t
2. The sy he

rl;sarle feserved for binary data: g usually for prima”
mbol ¢ is ygeq f';l)rtsﬂ(: | some coding operation.
€ tap coefficients of i
an equalizer.

T A bayq
can
€XPression “Baud E:St defin,

te” i taugopgC 2020gy bayg.
Ologica], “d-hertz::symbol:cycle. The ﬁ-equenﬂy used

14



1.3 MODEM STANDARDS AND RECOMMENDATIONS 7

4 Symbols Used Throughout the Book

raBLE ! :

The amplitude part of S(f)
A Bit rate [bit/s (bits per second)]
fy Carrier frequency (Hz)
fo Nyquist frequency, = 1/2T (Hz)
fu Symbol rate [s/s (symbols per second))
f The impulse response of an end-to-end channel, or any shortened version thereof
hit) The z transform of h(t), = h, + hpz7' 4+ . . . 4 hyz~M+
g((i)) The most convenient function for calculating error probabilities,

L [ oxp () o = et

Var Jx 2 2
A The autocorrelation function of H(z), = i [ 2=
m=—M

s The complex frequency spectrum of s(t), = A(f) exp j[2nf + 6(f)]

The spectrum of s(t) sampled at t = nT + ; band-limited to —f, <f<f,
S(f,7)
af) The phase part _of S(f)
T The symbol period, = 1/f,

3. The symbol f is either frequency (usually subscripted), or a time domain
transfer function; F is a frequency domain transfer function.

4. The symbols i to n follow the FORTRAN convention and are variable
integers. Uppercase letters are fixed integers (e.g., m usually varies from 1
to M).

5. The symbols u to y (and occasionally, under duress, z) are continuously
variable signals, progressing as consistently as possible from baseband
transmit, through passband transmit and receive, to baseband receive.

6. The symbol z is the variable of the z transform, and z~! is the delay
operator; D, the delay operator of coding theory, is not used.

1.3 MODEM STANDARDS AND RECOMMENDATIONSY

Communication between dissimilar entities— persons, organizations, or
equipment —is greatly hampered without a complete definition of the inter-
face. The creation of such a mutually established interface is the purpose of any
¢ommunications standard. Currently there is no complete definition of all the
forms of communication that can occur at any but the simplest interface,
Nevertheless, standards organizations act as forums for the development of
Interface standards, and the marketplace acts to test the acceptability of such
Standards. This combined process has produced sufficient standardization and
Wide enough acceptance of related assumptions to allow dissimilar manufac-
turers’ communications products to interwork with increasing ease.

T This section was written by Ken Krechmer and John Bingham.

15
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chosen carefully; criteria for this choice will be discussed in Chapter ¢

45 ORTHOGONAL MODULATION OF MULTIPLE CARRIERS

If a single multilevel g )
distorted channel, so (many bits per symbol) signal is transmitted thro

receiver. If a linear e?lfa{(i)zr;n of adaptive: equalization will be requiredir
SNR of the signa] de I is used, noise enhancement will occur a!

livered :
Some early modeppg [DH;SIJIh: detector will be reduced.
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. many subbands - 1] used the technique of dividing®
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4.5 ORTHOGONAL MODULATION OF MULTIPLE CARRIERS 109

Since the development of powerful DSP capabilities Orthogonally Multi-
plexed QAM (OMQAM) has been used by Gimdalf, Telcbitg(sce [}IIBa] an
[TC]), and NEC for modems that transfer between 9.6 and 19.2 kbit/s in a
tc]ephoec voice channel, but it has never been what one might call “main-
stream. Tl}ls 18 becaL}sc it requires complicated, and usually proprietary, DSP
techniques in the receiver, and because the trade-offs of improved perforn,nance

(if any) against complexity of implementation have been difficult to assess. We
will attempt that assessment here,

Performance with Gaussian Noise. 1f a distorted channel is divided into many
subchannels, the variation of attenuation and delay across each subband is
greatly reduged. Therefore, the impulse responses of these subchannels will be
much legs _dlspersed, and adaptive equalization may not be needed. Conse-
quently, it is often claimed that the method has the advantage that the noise is
not enhanced and the SNR is not reduced. However, a type of piecewise ampli-
tude equalization may be performed by the separate AGCs in each subband.
They make the average attenuation of all the subchannels appear to be equalf
and, in the process, amplify the noise in the bands that had been attenuated. We
will examine this effect carefully in the next two sections.

We shall find that a system with a predetermined bit loading of the bands —a
nonadaptive system-—may perform worse than a conventional single-band
system and that the full potential of this modulation method is realized only if
the transmitter can be configured to “match” the channel. This requires mea-
surements of the SNRs in the receiver and feedback to the transmitter. There-
fore, even though the other sections of this chapter are concerned only with
transmitters, for this method we will have to consider also those parts of the
receiver that affect the transmitter.

Performance with Impulse Noise. We shall find that a multichannel modem is
more sensitive to narrow-band spikes of noise;} than is a single-channel modem,
which averages the noise across the whole band. Conversely, it is /ess sensitive to
narrow time spikes (impulses) of noise than is a single-channel modem because
it averages them over a long symbol period.

Complexity of Implementation. 1fthe number of bands is very large (the Te!ebit
modem can use as many as 512), each band will be very narrow and essent:ally
undistorted; adaptive equalization will not be needed. If the num_ber-of ba1.1ds is
only moderate (the NEC modem uses 14), some simple equalization will be
needed for the highest data speeds. ' .
However, the fact that no equalizer — or only a very simple one — is needed
does not necessarily mean that the implementation is simple; the multichannel

t Similarly, if separate timing recovery is performed for each subband, this is a type of pieoel:v:lse
lay equilization because it makes the average delay of all the s.ubchannels appear to be equal.
Assuming that it has not avoided them by adaptively configuring the bands.

17
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