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Chapter 1
D B S

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. . N
The rest of this introductory chapter contains definitions of the terms and

symbols that are used throughout this book, a brief di.scussion- of mode:'m
standards and of the organizations that develop them, a fairly detailed descrip-
tion of those features of the telephone network that are qnpor%ant for data
transmission, and a brief description of the principal ways in which the other
m it. ) o
edCixaagtlg: r2frgomimtrtibuted by Ken Krechmer, 2 m9dem marketing specialist,
deals with the interaction of technology, applications, and standards in the

Creati odem products. N
egtlllg:t(e’lf"sn; thrl:)ugi lfdeal with most of the components of a traditional

i i ission; blers and de-
modem as defined in Fig. 1.1. There is one omission; scram i
scramblers should be there, but there was no lo_glcal chapter to put them in; they
are discussed in Chapter 12, which is something of a catchall.
1
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. 12 DEFINITIONS 3
Chapter 3 is entitleq “B

fundamental importance f;

d im ul
Chapter 12 deals with the by, ﬁ':rins; ;‘::opgnses.

; X en descri .
converta private-line voice-band miode bes those functions that are needed to

Switched Telephone Network (PSTN).m Into one suitable for use on the Public
Ap

problems during the development stage

The list of references at the end s dish .
earten 1
purposes—to acknowled ingly long, but they serve three

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 medulator and demodulator, but
there is a wide range of opinion as to what constitutes modulation and demo-
dulation, and whether, indeed, a modem should comprise more than just a mod
and a dem. The functions needed for transmission and reoe:gtion of data are
shown in block diagram form in Fig. 1.1, with narrow, traditional and broad
interpretations of what constitutes a modem. . N
There are some conceptual advantages to be gained ffom requiring that the

modulator be memoryless [Ma5]. TFis leads }g; definition of a modem that is
logi i too narrow for practical use. o

g'll‘cgclelmtiﬁl:;:td?ili;iﬁon of a mod is “‘a device that accepts serial binary
pulses from a data source and modulates some property (amplitude, frequency,
or phase) of an analog signal in order to greate a s1gnal sqltable for ?ransm;sldon
in an analog medium.” As shown in Fig. 1.1, this device compg:m “g . :lr,
modulator, and filters. If the input data cannot be guaranteed to be s bfle:vilz
random for satisfactory operation of a so;_)hlstlcated re_ce;ver, a ;cr;m er ;
also be needed. It should be noted that this scrambler is for ran o.bﬂlzsng, :t?x
not for encryption or secrecy; these latter functionsare the responsibility of the

0011 Ford Motor Co.
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we o L g Aolgpy
4 . similarly del.ltrf:;odems defined in thig Way Ving device
m d ‘L’1 66 29 . ‘

S ook O theterm datgesgttotgplz::tn Mecony,

ok o 18 s ATET o prons nesded 10 Operate o i,
fnthelate ¥ ihe con useful distinction, but it did ey czw"cheq

(2 modem V!  This was aed to include all these functxons. tch 0
broa.den ons of interfaces a modem is ’
d discussion ed )

¢ standards, a0 ¢ (DCE) and the data source anqg destj, .. a,

n:;:zsication U minals, COMPUETS, multiplexers, or o

Comm ote ’

tl()
t 0
they are vide nment (DTE) her devlces:
whether inal Equip

ta-Term

1.2.2 Two- and Four-Wire Lines

o (4W)line s a pair of two-wire (2W) lines, one for transmi;
A four-wire

. ing g
ich he signals in the two directions are to be
iving, in which the signals in t e - SCPt toty
B o s st i e o oy
separate. ’

, : UT-ipe
figuration is sustained from transmitter to receiver. If the lines
con

., > are cop,
bined in a 4W/2W combining network (often called a hybrid or a hybyi
transformer) at any point in the signal path, impedance mismatches wijj

o 1l cays
reflections and interference between the two signals; this is discussed in mor
detail in Section 11.1

The terms “tWO-Wife” and “four_wire” (“ZW” and “.4W”) Wﬂl be llsedmﬂns
book even if the medium contains no wire, and a “line” or channel will pe

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

123 Private and Switched Lineg

Private, leaseq or dedicated lines (

eased o : usually four-wire) are for the exclusive useof

ore::e -l;ne modems~e1ther 4 pair (in a simple point-to-point connectiot)

medivnfrrri1 is( (t)l?ei rlnulgldmp network for a polling or a contention system). If th;
e 4 . . - .

guaranteeq 1, mep one Detwork, thejr transmission characteristics are

eet ce Yo ; o L
Cludes any g5, transmisn *hecifications (see Section 1.4), but if the link

i ; . . of 2

Nondedicateq (ie SWitch:ldo)nl’- the Quality of jt may be as variable as that
Digq|. X 1ne,

any COm“é{ Modems capy ®stablish 3 1g;
the Cir(:u'tu‘lauo f or alltop ln.t~to-
. 1115 Mmatic dj
links establisheq ilrl: ;éllnteed, but
and €Xpens

pSTN by
point connection on the ality of
alingt or answering. Thed .
: Most a] Phone COmpanies establish ob]“"i‘vwdious
ve. "2YS to-wire because four-wire dialingis

Tln A fa..
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1.2 DEFINITIONS 5
1.0 Simplex, Half-Duplex, and Full-Duplex

se three terms are used :
gribination of the two, ;ﬁg e::;b;if?(ﬁleem, or a transmission channel, ora
neement precisely. Full- § take.n to describe any particular
arrang y duplex modems will not work on half-duplex
channels, ans half-duplex modems can sometimes work in a full-duplex mode!
“Simplex” means Capable of passing signals in one direction only. A :
for a telemet - : y- A remote
modem cemelering system might be simplex; a two-wire line with a
conventional un,l,dlrectlonal 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 slowly 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 transmlj( all(:.l 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 1s 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 . 5
transmit and receive simultaneously at “full” speed. Modems that provide 2

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 conve;n.tions are d1scut;sed tfllllrtlz;' in
Chapter 12) and should be sampled bY the receiving device otI;l eo er'b il%e‘
Synchronous data is almost always grouped in blocks, and it is the responsibility

“Synchronous” means that the

0013
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puI oun? | ; may
to asser™, an / (0 th-)' The data Source a man
s0urc® ™ * jotecting HDLG, ¢t . nq g, '
of the 62 { for error  SDLC, P~ o this type of data; COnVergy i
pits need® tocols (BIS 1o be transPA= " Discussion of these pry Yty
aiferent P e mod blocking Of the dat %00l
, e
pation XU K clock, and the t
can 18 is book- ‘ed by any ? Tangm;...
mogi‘g the scope © t;hijssnot accompi‘;l;i nal data rate. To prevent sﬁprglltltmg
beﬁ gynchronots da nl 1'chcek <. thisdataisalways grouped in yery hg of
and reCCiVl gm sC lc))itS (,start and stop bltS); the most o Ort

0
jve to the i Mo
the datarelai " ih framing. American Standard Code for Informg,,"

bit : . lo
ity; thisis a subset of Internationa] Athabe’:

code used 10 th even parl dation V.3.
SCII) W1 ommen L
Interchang® (d tned in the CCITT rec hods considered in this book ar

ion met
All the encoding and modulatio accept asynchronous Character-fol‘m

/ < 10 be able to .. . at
chronous, SO - m(?t(::;n rrﬁli(t) include a means for synchronizing this daty, Wayg
ted data, its transmm! ussed in Section 12.1. The most common method gep,,
of doing this are ¢ A4 synchronous data; this sounﬁls like an oxymorop, but
formatted 5 us data stream retains a character formgt

ates character-
ns that the synchrono : . .
g:;zl}; (1)1;;% le by including start and stop bits of precise duration.

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 :
i Sshown 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 anq b, for
> t
2. The sy he

rl; arle feserved for binary data: g usually for prima”
mbal ¢ . Sults of some coding operation.
sed for the tap coefficients of an equalizer

T A bayq
Can
€Xpression “baud ?:st defin

te” i ta the analogy bayq-
Utologicy) Ud:hertz:: symbol: cycle. The frequently et
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1.3 MODEM STANDARDS AND RECOMMENDATIONS 7

4 Symbols Used Throughout the Book

raBLE ! ,

The amplitude part of S(f)
Al Bit rate [bit/s (bits per second)]
fo Carrier frequency (Hz)
fo Nyquist frequency, = 1/2T (Hz)
fu Symbol rate [s/s (symbols per second))
fy The impulse response of an end-to-end channel, or any shortened version thereof
it The z transform of h(t), = h, + hyz=1 + . . . 4 hyyz— M+
g((i)) The most convenient function for calculating error probabilities,

L e —u? erfc(x/2)
= — X —_— = e
7 ), exp ( > ) du >

A The autocorrelation function of H(z), = %M [ 2=
s The complex frequency spectrum of s(t), = A(f) exp j[2nf + 6(f)]
s) The spectrum of s(t) sampled at t = nT + 7; band-limited to —f, < f <f,
o) 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.
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45 ORTHOGONAL MODULATION OF MULTIPLE CARRIERS
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SNR of the signal d:q zer is used, noise enhancement will occur "

li ;
Some early modem: F]r)eg;?h;h: detector will be reduced.

band into map nd F&L1] used ique of divid
‘ y subbang "&L1] used the technique 0 |
3 multiplexed get of 1owi:2§dt ransmitting the high-speed serial dat? stfeam(f

¢
EvnlySpace g€ dta streams modulated onto a 540
and e lowesy possib] ¢ band. Holsinger [Ho1] proved that th° ¥
2 linear eqy . °**OL° EITOT rate if the channel has amplitude 8"
tlilr;eii 'n the receiver, Chang [Ch1] sho" o

Ctrungl (c))tf the separate channels can b¢ aﬁ.z:r;ipﬂ«’

annels ; the composite signal and to PE™ i

" the recejver without intercha®™ i

© Special case where each sub’ aodula“\

channe] distortion on such?

0016

stream. 1N0IS1s

techniques in the
(if any) against c
will attempt tha

performance wi
subchannels, tk
greatly reduced
much less disp
quently, it is of
not enhanced a
tude equalizati
They make the
and, in the pro«
will examine t]
We shall fin
nonadaptive s
system and thz
the transmitte
surements of t
fore, even tho
transmitters,
receiver that ¢

Performance |
more sensitive
which average
narrow time s
it averages th

Complexity of
modem cant
undistorted;
only modera
needed for tt

However,
does not nec

t Similarly, if st
delay equilizatic
1 Assuming tha

Ford Motor Co.

Exhibit 1027
Page 016



Pulg,
“f()re
‘ht‘r:
r 1he

Iting
(1)
e an
ran
“the
y be
1 be

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.
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filters or the DFT needed in the receiver to separate the g,

: . be
complex as a single-channel adaptive equalizer. hannel

Mgy,

45.1 Ideal Performance of a Fixed System with Distortig

This method is very different from single-channe] modulatig

generate motivation for the study of it— the « S0, in

. . —the “why”> Sy
q1ustﬁrst@culate its theoretically ideal perfc)rmany .before the “hoy
tion and noise. ©€ 1n the presence of g

o owever. cal rent bandsg
for the | ds ' erg culation of thezr

€ 14-bang System desery byv;.(l)il;gi:l:iveﬁly tedious, so we will doie
an i : 1 : : .
The symbo) rateisgg?)pnve €qualizer [Hi1), + + ]—ignoring, atls

ed ware
uaj] nse om-mse . 11t
With iy aceq Parﬁecran % approx; 3002 line as shown in Fig. 4~

Ved power ;. itted in each band o
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