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This invention relates to data comuni cati on equi pnent or nodens. 5 —
Mpdens «are devices which enploy digital nodulation technlques to transmt

bi nary data over analog band |inited communicati onte8€Rnel s. ngh speed N

nmodens comuonly use |inear  nodul ati on schenes such ude
modul.at i on (QAM . In linear nodul ation systens bin Es E’
col et ed 1 07 ouge of M, Lebl i (MRl TEny il ) % PN NIT:
sequence of §8€B$S§ val ued S|gngl poi nts, using -
-5 | Modems are devices which employ digital modulation
| "techniques to-;ransmit binary dat& ovér anélog_band limited
'commuhication3chaﬁne1s; High-speed modems commonly use linear
:modulation schemes such as éuadrature amplitude modulation (QAM) .
In 1inear'modulation systems, binary information is
10 collected in groups of M L bits (M is dimensionality and L is the
bits/baud which may be fractional) and the resulting sequence is.
mapped into a sequence of complex-vélued signal points, using
. some coding scheme. The complex sequence is filtered by a
shaping filter to limit its bandwidth, and the real and imaginary
15 components of the filtered signal points are used to amplitude |
modulate the quadrature components of a sinusoidal carrier of
some frequency f£.. If the bit rate is R b/s, then Q=R/L is the
baud rate of the linear modulation system. The baud rate
. .. represents the ninimum bandwidth required to transmit the modem
'édfgfisignal without introducing distortion. (The actual bandwidth of
’; :; 'the shaping filter may be larger, but. it is typically
. proportional to the baud rate.) The baud rate and the carrier
frequency together determine the transmission band.
The bandwidth efficiency of a linear modulation system is
25 measured by L, the number of bits it transmits per baud. For

fixed rate R, increasing I reduces the baud rate and thus the
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sone codlng schene. The conpl ex sequence Is filtered by a shaping filter to

I mt i‘ts bandwi dth, and the real and I magi nary 15 conponents of the
filtered mﬂi@h@@dﬂb&n&ﬁduﬁed Howavel,t 4dereadingt & Gleotd@AldE &the noise
components of a sinusoidal carrier of sone frequency [err]. If the bit rate

is R.b/s, tbebefite bf the Egetemit eTherefore,n€ar wdivan ahanmglem The
baud rate.represents the m ni nrum bandw dt h reqU|red to transmt the nodem

20 si gnatharabteristicodehere disstaar bpdinum thradecfifabetawen diie daude
shaping filter may be larger, but it is typically proportional to the baud
rate.) The bate aadethndnmmbeaamm édts transmitted per baud.
5 On channels with a rectangular or brickwall-like spectrum
. and white noise, the baud rate must be chosen approximately equal
to the channel bandwidth. On the other hand, if the channel
spectrunm shows gradual-attenuation, it may be preferable to
choose the baod rate 1arge enough such that portions of the
10 | attenuated regions are included in the transmission band. A
large baud rate results in increased distortion, howeVer, an
equalizer in the receiver can compensate for the distortion and
the noise enhancement caused by equalization may be more than
offset by the improved noise tolerance obtained with a smaller L.
15 In most commercial high-speed voiceband modems that are
available today, the baud rate and carrier frequency and thus the
transmission band is often fixed; e.g., Q=2400 Hz and £.=1800 Hz.
Recently, modens were introduced which offer multiple but
- manually selectable'carrier frequencies. In either case, since
: =50" channel characteristics show considerable variation between
4 different lines or connections, with such modems it is difficult

to achieve the best possible performance on all possible lines.

In general, in one aspect, the invention is a modem for
25 _receiving data sent from a remote device over a communication

channel by using a single carrier modulated signal. The modem
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frequency together determ ne the transm ssion band. The bandw dth

efficiency of a linear nodul ation systemis 25 nmeasured by L, the nunber
of bits it tiAs3ules Actrelaider For Mol vidie the mARRAAYL didrhilGhR téb”r
baud rate and thus the -2- required bandw’dth. However, increasing L

al so reducesrébeivdngeat dineapeobing M ghall dentThy ehe Tericte VS MR over

channel
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the channel, the receiver being capable of receiving the
modulated signal over any one of a plurality of frequency bands;
a line probing processof for measurihg characteristics of the
channel based upon the received line probing signal; and a
selector for selecting one of the plurality_gf'frequency bands,
said selection being based upon the measured characteristics of
the channel, said selected freqﬁency band to be used for
receiving the modulated signal from the remote device.

In preferred embodiments, the measured characteristics
include a frequency response of the channel and/or a signal-to-
noi;e ratio of the channel measured at more than one frequency.
The receiver includes an adaptive filter (which may implement
trellis precoding) for ﬁroviding a desired overall impulse
reSponée for the channel and at least some of the measured
characteristics take into account the adaptive filter. And, fhe
line probing signal is a substantially periodic signal.

Preferred embodiments also include the following fe;tures. 
The line probing processor includes a spectrum analyzer for
generating discrete spectral representations of the received line
probing signal; a module for esﬁimating a frequency response for
the channel based upon the discrete spectral'representations of
the received line probing signal, the frequency response being
estimated at more than one frequency; and a module for estimating

a power spectral density of channel noise based upon the discrete
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characteristic, there is an optinumtradeoff between the baud rate and the
nunber 'of bits transmitted per baud. On channels with a rectangul ar or

oo A AR R AT i @s;ﬁ%féa@ﬁaféf?fml-‘
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7)o g 8, RSB htrkoch K0 00U £ B0 Poid ek 98 cpp s
distortion gdirality of frequency bands is characterized by a corresponding
S. baud rate and carrier frequency. The noise estimating module
also estimates a power-sbectrum of the channel response based
upon'the.discrete'spectral representations of the received line
proﬁing signal and then computes a signal-to-noise ratio
corresponding to tﬁe channel based upon both the power spectral
10 density of channel noise and the power spectrum of the channel
response. The noise estimating module perforﬁs weighted
periodogram averaging to estimate the power spectral density of
channel noise based upon the discrete spectral representations of
the received line probing signal and also concurrently estimates
15 the power spectrum of the channel response and the power spectrai
density of channel noise from the same received line probing
signal. The modem alsc includes a transmitter for transmitting
information based upon the measured characteristics to the remote
device so that the remote device may identify one of said:

' 20 plurality of frequency bands based upon said transmitted
information and then communicate said identified band to the
receiver and wherein the selector selects the identified band as
said selected band. If the received line probing signal may
include an impairment (e.q. freéuency offset and/or low fregquency

25  phase jitter), the line probing processor also includes an offset

monitor for reducing effects of said impairment on the discrete
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t he noi se enhancenent caused by equalization may be nore than offset by the
i nproved noi se tol erance obtained with a smaller L. In nbst conmerci al

hi gh- speed voi ceband nodens that are avail abl e today, the baud rate and *
carrier fregunepresantiatiion oficthearecedviedh signal puifarrits xeeing ysed to
Q@x2400 Hz and [err] Hz. Recently, nodens -were introduced which offer

mul tipl e but dekeyming tbeepouprespactral denqidiciass channek moisese, Thence -
channel characteristics show considerable wvariation between different |ines
or connect i oREEshtt ROBISRINERERSERt the @EfachA ©F Faidhmpaimeneshy first

ossi bl e performance on al,l. possi,bl e Lines
P ! P est maéing said Rmpa&rmené and by then rotating the discrete

5 representation cor:esponding to a current period of the received
line probing signal by an amount determined by the estimate of
said impairment. The offset monitor estimates said impairment by
comparing the discrete spectral representation corresponding to
the current period of the feceived line probing signal to a

10 reference signal derived from the discrete spectral
representations corresponding to at least one previous period of
the received line probing signal. Also, the discrete spectral
representations of the received line probing signal are M-point
Discrete Fourier Transforms. |

15 Preferred embodiments also include these additional
features. The receiver is capable of receiving the modulated
signal at any one of a plurality of bit rates and the modem
further includes logic for selecting one of the plﬁrality of
different bit rates based upon the measured characteristics of

. 20 ° the receiver channel, said selected bit rgte to be used for
receiving the modulated signal from the remote device. The line
probing processor includes a spectrum analyzer for generating
discrete spectral fepresen?ations'of the received line probing
signal; and a module for computing a nonlinear distortion

25 indicator based upon the discrete spectral representations of the

received line probing signal. The receiver also includes a

5
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Thi s isehe repl acenent sheet -2A- EP-A-0154565 of Codex Corporation
di scl oses a nodem whi ch includes transm ssion neans for transmtting

TR o SRS R A RS SR 8, pAE TV o84 80l 9ea Tine
i nformat i on pHoWIiNG Silal hd HHd heddlired Qirddeeristics includes a
quantity derived -from the received power level.
In general, in another aspect, the invention is a modem for
5 transmittlng data to a remote device over a communication channel
by using a single carrier modulated signal. The modem includes a
signal generator for generating a line probing signal; a
transmitter for transmitting the modulated signal and for
transmitting the line probing signal to the remote device over:
10 .the channel, the transmitter being capable of transmitting the
modulated signal over any one of a plurality of frequency bands;
a receiver for receiving characteristics of the channel from the
remote device, ﬁhe characteristics being derived by the remote
device from the transmitted line probing signal; and a selector
15 for selecting one of the plurality of frequency bands, said
selection being based upon the measured channel characteristics,
the selected frequency band to be used for transmitting the
modulated signal to the remote device.
In general, in yet another aspect, the invention is a modenm
20 for receiving data sent from a remoﬁe device over a communication
channel by using a single carriep modulated signal. The modem
includes a receiver for receiving the modulated signal and for
receiving a line probing signal sent by the remote device over
the channel, the receiver being capable of receiving the
25 modulated signal at any one of a plurality of bit rates; a line

probing processor for measﬁring characteristics of the channel



channel at any one of the comunication rates. The quality of the channel
I's noni tored on the basis of the received information signals. Rat e

oo co?a%%ﬁaiimr%i Sé%&%ﬁ%é'%#%“%ﬁ%ﬁ?y "Eca) dedeERy, de
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and for inmg gﬁ¥§§ 'E eCQQEE&§erIBh8nPe1,
general , |n one a pect, he Invention prOVI es a no or receiving a
sent from %Hé"ﬂ%feéi?éﬁ WOt P BRINUSE | £6r receivmg the modulated

-5 signal from the remote device.
R | The invention determines the best transmission band and
'-"naxinum bit rate for the modem based upon an offline measurement
of the characteristics of the particular chanﬂel to which the
modem is connected. Thus, in comparison to other conventional
10 modens which use a single carrier frequency modulation schenme,
the invention makes better use of the available frequency band of
the channel and does so frqm the beginning of data transmission.
Moreover, for modems which utilize an adaptive rate system to
establish and maintain optimum performance during the course of
15 data communications, the invention provides an efficient way to
initialize the adaptive rate systen.
Furthermore, when using' a QAM system, the invention achieves
E close to optimal utilization of the maximum theoretical capacity
E ?f;§f the channel. |
.20”7 ;1 Other advanﬁages and featpreé will become apparent from the

following descriptién of the preferred embodiment..

We first briefly describe the drawings.
25 Fig. 1 is a block diagram of a communication system which

embodies the invention:
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channel by using a single carrier nodul ated signal, the nnden1cohprising: a
recei vien for operatively receiving the nodul ated signal and bei ng capabl e

Of receiving the;podul at ' I fy ' of ¢f u
bands; and .a se é t’olré'gcfz(plt ?c} .orChg’\égc:a |viecl%r}%sée)lte’€% Pér%!égér#ei%? %ﬁe{:ﬁg £ihd
plurality 1 %&@64@3}% lg;ﬁq,' LY haracteristics of the
channel , fg%oﬁsig@fj r recelving the ;&ggmlgeg s;:ag‘rﬁil fromthe renote device;

sai d nodem bei ngigharacterd 3xbdw difki%:a%@id% RE Pt idn EEPERE hO&em which
operatively additironally receiving a 1ine
_implements the spectrum.analysis and the decision matrix
5 computation step shown in Fig. 2..
Referring to Fig. 1, a local modem 2, which is of a four-
wire type, transmits information to a remote modem 4 over a
channel A and'receives information sent by the remote device 4
10 over a channel B:. In local modem 2, an encoder 6 receives a data
bit stream 8 and encodes the bits according to some coding scheme
at a baud rate Q, selected from a set of avéilable baud rates.
Local modem 2 sends L, bits/baud where L, is selected based on a
set of available bit rates. A modulator 10, using a carrier
15 signal 12 of a frequency £, selected from a set of available
| carrier frequencies, modulates the output of encoder 6 and a
transmit filter 14 produces pulse shaping to control the
bandwidth of the transmit signal, ali in accordance with some
Jisingle carrier modulation scheme, e.g. quadrature amplitude
20-5_ modulation (QANM). Nexf; a digitil-to-analog (D/A) éoﬁvérter 16
| and a low pass filter 18 convert the digital transmit signal to

an anaibg signal 20 which is transmitted over channel A to remote

modem 4.

[N

In remote modem 4, the received signal passes through a low-
25 pass filter 21, an automatic gain control (AGC) circuit 33, an

analog-to-digital (A/D) converter 22 and then a rgceiver 24,

This Sheet Has Been Reﬂlaced
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probi ng signal sent by the renote device over the channel, and
si mul taneously simulating nore than one of said plurality of frequency

bagds: 2 | e85! URCRORE 164 T el g, PLBLI BT BSERSRE xzsa;.es%ésémzs.
PrOPn 3 frBaephLAl SRS STELVERLS o 4 AT LI I BRUSTAS Ledponse
for decoder 26 which decodes the received signal according to the
particular coding scheme used by local modem 2 to ‘obtain an
5 estimate of the transmitted data bit stream 8.
| Remote modem 4 also includes an encoder 30, operating at a
baud rate Q, selected from a set of available baud rates, a
modulator 32 with a carrier signal 33 of frequency £, selected
- from a set of available carrier frequencies, a transmitter filter
10 34, a digital-to-analog converter 36 and a 16w pass filter 38
which convert a data bit stream 40 into an analog signal 42 for
transmission over channel B. Remote modem 4 sends L, bits per
baud selected based on a set of available bit rates. Likewise,
local modem 2 includes a low-pass filter 43, an automatic gain
15 control circuit 45, an analog-to-digital converter 44 and a
receiver 46. Similarly, receiver 46 includes an adaptive filter
47 which produces a desired overall impulse response for a
decoder 48 which decodes the signal received over channel B to
generate an estimate 50 of the data bit stream 8 transmitted by
. 20 remote modem 4.
| Local modem 2 includes a iine probing signal generator 52,
which generates a special probing signal sequence x,(n), and a
line probing processor 54 which measures the quality of channel
B. Likewisé, remote modem 4 includes a corresponding line
25 probing signal generator 56, which generates a probing signal

sequence x,(n), and a line probing processor 58 which measures

i i



noi se ratio of the channel neasured at nore than one frequency. The
recei ver includes an adaptive filter (which may inplenent trellis

precodi ng) for providing a desired overall inpulse response for the channel
and at | eastheomuadfityhefiwhamnal dharacteristics take into account the

Cianal | Pref err cAncHBBERAI Joa AARARE TORAS ot BRRP RS R AREHange
RN I T BT TG U sV
estimating a fre%‘ﬁ%n%r esgi)o q'xsfiné) r:r:ece:i.ved signal sequence to compute the
5 signal-to-noise ratio (SNR) for channel A as a function of
frequency, i.e. SNR,(f). Then, for each combination of baud rate
and carrier frequency available to it, remote modem 4 computes a
corresponding decoder.signal-to-noise ratio (which shall be
defined shortly). For each baud rate, the carrier frequency
10 which yields the best performance (i.e., as wiil be explained
1ater, the highest decoder SNR) is saved along with a value
representing the performance. These decisions are sent to local
moden 2. Similarly, local modem 2 makes decisions based on a
similar line measurement process and, in turn, sends its
15 decisions to remote modem 4. Both modems then use the combined
| information to select the transmission bands (characterized by
Q,, Q. £, and £_;) and the transmission rates (determined by L,
and I,) to be used during subsequent data communications.
The probing sequences are periodic signals selected to fully
. 20 and uniformly stimulate the entire channel over the spectrum of
frequencies which may be usefui for data communication. One such
sequence consists of a group of equal amplitude tones which are |
evenly spaced within the frequency band of interest, namely, 100
to 3600 Hz. The frequency.separation between the tones

25 . determines the frequency resolution of the resulting SNR

nmeasurements. It is desirable to select the phases of these

10

Sheet Has Been Reﬁaced

|\||\I\| MG



t he channel based upon the discrete spectral representations of the

recei ved'line probing signal, the frequency response being estinated at

nmore than one frequency; and,a_nodule for estimting a power spectral t
density of ch@RAE| SRoRSetRa¥dgldpan refatdivad e snaklk Reak-tomgveragsmakio for

[ ' [ ' | . . Alsg, th dul d si |, .
i near |y modthe: %hgﬁﬁ&ﬁ?%?i’;’aib%if aw%&ya&bﬁdye A ?%n}j@sm' IR ia'ti%a:gfgnm )
h A id, pl i [ teri
cor  cepondi rAERYARS, SRE SRETERY, PeYORML TR GFILAR. §6 LA ARREAES SoduThe
al so esti mat g3, 3RONE 13PGH Winph el BF SHYRlo FRANG Wiifince which

5 satisfies these criteria:
X,
xX{(n) = A £ cos (2zkfnT, + 4,), n=0,1,...,P-1 (1)
k .
10 ! .
&y = x(k-k;)°/ (k;~k;) (2)

where A is a scaling constant:;
n is a sampling interval index;
15 £y is the frequency resolution;
k is a frequency interval index:;
Kk, specifies the lowest.fréquency index included in the
sequence; | |
-k, specifies the highest frequency index included in
20 the sequence:;
T, equals 1/f,, where £, is the sampling rate; and
P equals £,/£f,, the number of samples in one period of
the line probing signal.
. _ In the embodiment described herein, the sampling rate is
25 9600 Hz, P equals 256, the frequency resolution f, is 37.5 Hz, k,
equals 3 and Kk, equals 96 (i.e., covering a frequency range from"
. 112.5 to 3600 Hz).
Line probing processors 54 and 58 employ the Fast Fourier_
Transform (FFT) technique to compute SNR(f) for their respective

30 channels. They determine SNR(f) by measuring the frequency

11 ﬂ;,,,,’;~”’”””f
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upon the discrete spectral representations of the received |ine probing

si gnal »*ahd then conputes a signal-to-noise ratio corresponding to the _
channel based upon both the power spectral density of channel noise and the
power spect M@ARSMSEhe Hifnndind ddypo mexi seipowar sspecstrahtdensityl e(£), of
per forns melqpted peri odogram averagi ng to estinmate the power spectral

density of

10

15

20

25

annel at the discrete frequencies excited by the problng
signal, i.e. ka, where k=k,,...,k,. Then, the processors 54 and
58 compute SNR(f) by using the following well-known relationship:
SNR(£f) = |H(£)|%/2(f) | (3)

Before describing the steps of the measurement algorithm in
detail, an explanation of the underlying::ationale will be given.

In general; the real-valued received sequence sampled at
times (iP+n)T, can be written in the form:

r(i,n) = x(n)*h(n) + w(i,n) (4)
= y(n) + w(i,n) 4i=0,1,...,N-1; n=0,1,...,P=1 (5)
where * signifies convolution, x(n) is a transmitted periodic
probing signal, h(n) is the sampled channel impulse response,
w(i,n) is a potentially colored noise sequence with a power
spectral density of &(f), N is the number of observation periods;
and i is an index for observation periods.

Since the probing signal x(n) has a flat spectrum within the
frequency band of interest, the noiseless channel output y(n) has
the following power spectrum:

|9 (kgn) |* = |H(kE1* |
where H(kf,) is the Discrete'Pourier Transform (DFT) of h(n) and
¥(k£,) is the DFT of y(n). |

Estimateé -of both H(kf,) and &(kf,) may be readily obtained
from a P-point DFT of the received segment r(i,n) n=0,1,...,P-1,
which is désignated hereinafter as R, (kfy), i=0,1,...,N-1, 1If

¥(kf,) were precisely known, then an estimate of the noise

12
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channel noi se based upon the discrete spectral representations of the
received |ine probing signal and al so concurrently estimtes the power
spectrum of the channel response and the power %Eectral density of channe

noi se from t FRESERER BEKELL FIRIR bR ARTALREY HEXOom the £RliRViEY PAEiodegram

transmtter for transmtting information-based upon the neasured
characteri st PE8?8%t he renote device so that the renote device may identify
one of said plurality of frequency baﬁg based upon said transmtted

wher ei ot he ool ecP ORISRl el ¥ Thes  (orital oc BLREMIET KBk, T 08! Ve e
It can be shown that thé'periodogram averaging yields an
asymptotically unbiased and consistent estimate of the noise

10 spectrum, ®(kf,). That means, as the number of observation
periods increases, the mean and variance of the error tend to

Zero.

Although w(kfg) is unknown, it may be estimated by using the
following DFT averaging: |

1S
- N=-1
¥ (kLp) = (1/N)12=°R;(kfa)7 k,<kzk,. ' (7)
20 After substituting Eq. 7 into Eg. 6, with straightforward
manipulations, Eq. 6 can be written in the following form:
Ne(kfy) = =R, (k£a) |2 = | (L//N) SR, (k£p) |2 (8)
With the substitutions
A = LIR(KE P ; k<kek, (9)
25 B, = (1//M)T,R (kfs) : k,<k<k, | (10)
. this further reduces to:
o(k£y) ~ (A, - B?)/N ; ki<k<k,. (11)
Note that: |
|H(kEy) |* = B? i ky<k<k,. : (12)
30 The line probing processors 54 and 58 use the above equations-to

simultaneously estimate the noise spectral density ¢(kf,) and the

channel frequency response H(Kf,).

13
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sa{d selected band. If the received |line probing signal may include an
i npai rent (e.g. frequency offset and/or |ow frequency phase jitter), the
l'ine probing processor also includes an offset nonitor for reducing effects
of said i npai r nerRvexy tohselneatior perisd, rthecaltgonithnsoaccumulets ard
signal prior its being used L0 determ ne- the power spectral density of
channel noi &toxm, IR, (kfy) |2 and (1//N)Z,R,(kf)) . After N observation
periods, the results equal A, and B,, k-kl,...,kz, respectively.
The estimate of &(kf,) at any given frequency kth may be
5 affected by the spectral energy density at other frequencies and
thus may be "biased". When computing the DFT's from the received
signal r(i,n) with an FFT technique, the line probing processors
54 and 58 use windowing, a known spectrum analysis technique for
improving the performance of simple periodogram averaging. 1In
10 the embodiment described herein, a Hanning window of length 2P is
used. The Hanning windcw has a raised cosine shape with a 100%
roll~off. To reduce the calculation time associated with using a
window of length 2P, two successive periods of received data are
overlapped. Of course, a window of duration longer than 2P-may
15 be used to improve accuracy, however, this would increase the
amount of coﬁputations required for completing the FFT
calculations.
The received signal r(i,n) may also have a frequency offset
that can substantially degrade the accuracy of the estimation of
. 20 R, (kf,) and, in turn, the noise spectrum. Although, windowing
reduces effects of the frequency offset, additional steps are
taken to reduce it even further. 1In the noise-free sitﬁation,
the presence of frequency offset causes the DFT for the current
observation period to differ from the DFT for the preceding
25 period by a constant phase factor. That is:

Ry,  (kfp) /R (kfy) = phase factor = exp(j2~£f,PT,) (13)

14
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of fset nmonitor reduces the effects of said inmpairnment by first estimating
said inpai rnent and by then rotating the discrete 5 representation
corresponding to a current period of the received |ine probing signal by "an

anount det er e ti ai ey i
estimates sai |np2?r%§nfﬂ%y co%ﬁarlxz ﬁ%§%F¥crete 5%%%f$g%ﬁ$§%rg§gn?§%?oﬁo
correspondi Ngdtdnfdte AHd PHade FRELEF . t PPheRCetHE@dektiRaReabphA s FadLdO is

a 10 ref erence si gnal 3n?|ved fromthe discrete spectral representations

correspondi nGide &o ALt ONENST DFT 08stHecandedf theceffeetecdt ithe Prelguthcy
signal. Also, the discrete spectral _ _

offset.

5 In the embodiment described herein, line probing processors
54 and 58 use the accunmulating éstimates of B,, k=k;,...,k,,
{(which shall be designated as B, ,, where i indicates the
observation period) rather than the DFT from the previous period,
to achieve basically the same results. That is, after the

10 initial period of accumulation, the newly computed periodogranms
R, (kf,) are compared with the corrgsponding B, ;- by taking the
inner product:

E= ZkBk,i-lki.(ka) (14)
where ° is the complex conjugate and the summation is over

15 k,<k<k,. The quantity E, a complex number, is normalized by
‘using a polynomial approximation of the function 1//x where x
equals [|Re(E]]?® + |Im[E]|?] and then it is used to rotate R, (kf,)

. before R,(kf,) is added to B, ;-; to produce B, ,, a new estimate of
B,.

’ 20 In addition to SNR(f), an important source of distortion for
data transmission is non-linear distortion (NLD). NLD causes the
energy in the transmitted frequency components to be spread over
other frequencies. Although there are standard techniques for
measﬁring NLD on telephone lines, it is desirable to obtain a

25 rough estimate of NLD by using the line probing signals.. Thus,
to measure NLD, the line probing signal is slightly modified from

15
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representations of the received |ine probing signal are Mpoint Discrete

Fouri er 'Transfornms. 15 . Preferred enbodinents al so i ncl ude these
additional features. The

t h dul ated *
si‘gnal at ahpe oﬂ@eofleécﬁ'li&f"' V(ﬂl‘ Sblc'zf & ‘%ﬁﬂFtClh‘év *n’r‘?%?%)ﬂ’gf‘a ©

LQ;LEd‘SEO'B_"ﬁ'ﬁ% shiRchRa; TreaneRls; e plﬂz‘bé R E i
emote devi FReRTRgBuER WHED sterdiif dt ehe FadR Mé‘iﬁ%%? HeihE BLbRRyp ot

generating gnege omitted frequencies and average those measurements to
5 arrivé at a rough estimate of NLD. As will be describedllater.
the estimate of NLD is then taken into account in estimating the
maximum achievable bit rates for thé modems.
To account for the missing frequencies, line probing
processors 54 and 58 estimate the missing values of SNR(kf,) by
10 averaging the values of SNR(kf,) corresponding to frequency lines
in the vicinity of the omitted frequency lines. The location of
the omitted freQuency'lines are selected so thét they are common
to all transmiséion bands available to the modem and lie near the
mid-range of such bands, where SNR(f) is likely to be relatively_
15 uniform. By selecting the omittéd frequencies in this manner, |
the error caused by this approximation is kept small. _
After N observation periods have elapsed and the estimates
of A, and B, have been accumulated for k,;<k<k,, processors 54 and
58 compute SNR(KL,) fof the corresponding channels using Egs. 11,
20 12 and 3, above. The computed SNR(kf,) is then used to determine
. for each baud rate the carrier frequency which yields the best
- receiver performance. The way this is determined will now be
described.
The decoder in each modem operates on a properly equaiized
25 signal, i.e. one which has passed through the receiver's adaptive

filter. Thus, it is generally the SNR at the output of the
16
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di screte spectral representations of the received |ine probing signal; and

a nodute for conputing a nonlinear distortion 25 I ndi cat or based upon

the discrete spectral representations of the received |ine probing signal:

The recei veradapbivecfilitera i.e.sthepdecoderi 8§Bit thet isamostnyedeyant: to

neludes | the performance of the zedeiver. The decoder SNR ia related to
'SNR(k£,), and the precise relationship depends upon the type of
adaptive'filtér used in the receiver.

5 - In the described embodiment, modems 2 and 4 are equipped
with a trellis precoding equalization system such as the scheme
disclosed in the U.S. Patent Application entitled "Trellis
Precoding for Modulation Systems, "by Eyuboglu and Forney, filed
on an even date herewith and hereby incorporated by reference.

10 In trellis precoding, each receiver 24 énd 46 includes a
fractionally-spaced minimum-mean-squared error linear equalizer
whose output is sampled at the baud rate, followed by a linear
prediction filter respénsible for whitening the residual error
sequence at the output of the linear equalizer. If {x,'} is the

15 complex sequence transmitted by the trellis precoder, then the
received sequence at the output of the prediction filter can
approximately be written in the form

(T'a} = (%" )M(DY)HwW), (15)
where {h',} is a causal (i.e., h' =0, n<0) overall impulse
' 20 response and {w,) is a white error sequence of some variance oZ.
Here, it may be assumed that the filters are scaled such that
hy=1. Then, under the assumption that the error signal can be
modeled as Gaussian and neglecting other small effects, it is
known that the performance of the trellis precoder is given by
25 . P; = K Q(d,./20) | (16)

where K is a constant, Q(a) is the Gaussian tail function given

17
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a quantity derived fromthe received power |evel. In general, in another
and al tetnative aspect, the invention provides a nodemfor transmtting
data to a renote device over a communication channel by using a single -
carrier nodpyated signal, the nodem conprising: a transmtter for
operatively transmtting the nodul ated signal to the renote device over the
channel, the transmtter being aeapable of transmitting the nodul ated signal
over any one of @(p)uraklyy2e) frewpénmel/Dhrtts; a receiver for operati(i@hy
receivéng characteristics of = =
and 4,,, is typically taken as the minimum distance between
allowable channel output séquences. The quantities K and d,
depend on the trellis code that is used in conjunction with the
trellis precoder. Stated approximately, d,,, decreases by a
10 factor'of J2 for every increment in L, the number of bits per
baud, assuming that the average power of the precoder output is
kept constant. The sampled decoder SNR may be defined as
@’.i/20>. The baud rate or carrier frequency affect the decoder
SNR only through the noise variance o°.
15 To determine the relationship between o? and SNR(f), firét
note that at the equalizer output, after demodulation, the noise
spectrum is given by .
S.(f)=¢(f)_/|H(fH’. |£-fc1<Q/2, (18)
where Q equals the baud rate and it is assumed that the _
20 transmitted signal has zero excess-bandwidth. (Typically, high-
speed modems use 10-12% excess bandwidth; however, exﬁeriments
’ have shown that'this has only a small effect on performance).
Now, the autocorrelation sequence of the noise sequence can be

computed as

25 =T [ o(f)/|H(£)|® & af, n=1,2,... (19)
l£-2 1<Q/2

Since the spectra are measured at discrete frequencies kf,, g,

can be approximated as follows:

30
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the channel fromthe renote device; and a - B6A - selector adapted for
operattvely selecting one of the plurality of frequency bands based upon
measur ed channel characteristics for use for transmtting the nodulated *

Si gnal to the regpte devi gep (k&iYy roden) héi nexphia Act gi/gged ri= ,fyr.t.her (20)
conprising a sigmgb.tgerexator adapted operatively to generate a line
Probing vhere a is some normalization factor and k, (Q,£) and k,(Q,£f.) are
5 the frequency indices corresponding to the bandedges assuming the
bgud rate Q and carrier frequency fq. Once (g,} are determined,
o? can be computed using well-known formulas for linear
prediction. For example, if it can be assumed that the noise
sequence is a first-order autoregressive (AR) process as
10 described by Eyuboglu in "Detection of Sevefely Distorted
Signals Using Decision Feedback Noise Prediction with
Interleaving" IEEE Trans. on COmmunicationS, April, 1988, then,
2 is given by
o = g, - i9:1%/9, _ (21)
15 Thus, by using Egs. (20) and (21), line probing processors 54 and
| 58 can determiﬁe for each baud rate Q, the carrier frequency
£.(Q) which yields the smallest noise power o*(£.(Q)).
The computation of decoder SNR described above can be
extended to higﬁer order AR models using well known formulas for
20 the ninimum-mean-square error prediction error as described in
Jayant and Noll, "Digital Coding of Waveforms" Prentice-Hall,
D 1984.
The description given above assumes that the fractionally-
spaced linear equalizer has a sufficiently large span to reduce
25 the effects of phase distortion'to a negligible level. In high-

speed modems that is often a reasonable assumption. In

applications where this condition may'not be satisfied, the

19

e

/--..

\\\\\\\\\\\\\\\\\\\\\\\\\



signal, in that said transnitter is adapted additionally to transmt said
| i ne probing signal to the renpote device over the channel, in that said
l'ine probing signal is arranged simultaneously to stinulate nore than oné

g];:afglc? eIrO; g&%lﬁlggpg @gaie’&g?}g%%‘%l 9%%1% %%?\ﬁ%et?]?%%djtrﬁggtn?nﬁ‘lﬁgﬁ?ﬁ ed line
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over a hold, then the residual noise sequence may be correlated and its
effect on performance may have to be taken:into consideration.

5 Having described the nature of the computations performed by
processors 54 and 58, the steps of the measurement algorithm,
shown in Fig. 2, will now be described in:more-detail. Local
modem 2 starts the line probing process by transmitting a line
probing tone signal at some fixed frequency for a fixed number of

10 baudé (designated in Fig. 2 as S) over channel A (step 110) while .
at the same time, remote modem 4 monitors channel A to detect the
tone signal (step 120) | Y
After detecting the line probing toné, remote moden 4
initiates a period of tone training (step 130). During this
15 period, it uses a phase-locked loop (PLL) to learn the frequency.
offset in the incoming tone and at the same time it adjusts its
AGC setting to achieve a desired signal level prior to aA/D
conversion. After a fixed amount of time, the receiver freezes
bdfh its AGC setting and it§ PLL and then switches to a
)20 transition detection state to detect the arrival of the wideband
line probing signal transmitted from the local modem 2 (step
140).
In the meantime, the transmitter in modem 2 continues to
transmit its tone for at 1ea;t S bauds and until it receives a
25 -repl?.tone from remote modem 4. Then, brodessor 54 causes

probing signal generator 52 to generate the above-described

20
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connunlcatlon channel by using a single carrier nodul ated signal. the nodem
conpr|3|ng a receiver for operatively receiving the nodul ated signal and
bei ng capabspecfialeprobing shignaldand diraispidls dit ity remotd modemrél foy -at
of bit rates; and a selector adapted for. operatively selecting one of the
plurality olesst NaPé§i°§§sd§tGWOd5@Basur ehaesaiving iNperieds ofctheer
channel for_ use for receiving the modul at ed.signal. fromthe renote device;
sai d :hodern BEPPéngcﬁéFJ&étlelfF@é’d remete maden 4. m%l%eﬁ%it%fh%t%‘él afor

addltlonall recei,ving a li robin n sent the renote
%ommunicatQOn mo e %or sé%dln eaine probing measurement results

s to remote modenm 4 (step:lso).

) ' Since the line probing algorithm implemented by remote modem
]$4 is.the same as the line probing algorithm of modem 2, the
:Esequence of events in both modems 2 and 4 and their timing is

also basically.ihe same. Thus, remote modem 4 sends its tone

.10 - signal,'generates its probing signal'for transmission to modem 2,

and enters a corresponding communication mode at about the same
times as these events occur in modem 2.

As soon as remote modem 4 detects the probing signal on
channél A, processor 58 begins a spectrum analysis of the

15 received probing signal (step 170). First, line probing

processor 58 measures the channel and noise spectra and from
these computes SNR(f) and thgn the decoder SNRs.
' The elements of the moden which perform the spectrum
'_égénglysis and the decision matrix computation of step 170 are

“‘T:fishown.in Fig. 3. After being converted to a digital signal, the

-:'ieceived real-va;ued probing signal passes through a freguency
. offset coﬁpensator €0 which multiplies it by aléomplex-valued
rotation factor which was derived from the frequency offset
estimate obtained Quring the initial tone training described

25 above. A first buffer 64 temporarily stores the rotated digital

signal for subsequent processing.

21
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This is thereplacenent sheet -6B - device over the channel; and in
further conprising a |ine probing processor adapted for measuring

Fnea further altSESSF, PAERRCEs HRE] pRUAE dAF et el €0 Sl !
eStabl'Sh'”ﬁeEQHHH”b?aihgnlﬁﬂgdbEbgﬁ%d '5iynal, a windowing algorithm 66
. applies a Hanning- wlndow to the two periods of rotated data
'istored in buffer 64 to produce a frame of windowed data which
5 _consists of 2P complex-valﬁed samples. These are then stored in
. a second buffer 68. Next, FFf algorithm 70 computes a P-péint
;'gDFT from the stored frame of windowed data.
After each new period of data is received and stored in
ﬂi, first buffer 64, windowinglalgorithm 66 uses the stored data,

_ 10 along with the data from the pfeceding period, to compute a new
frame of windowed data. FFT algorithm 70 then computes a new P-
point DFT using the new frame of windowed data. 1In other words,
for each period of the received probing signal, a new P-point DFT
i§ generated from the two most recent periods of data. Thus, one

15 period of data is used to compute the DFT for two successive .
periods.
The P-point DFT's from FFT algorithm.7o are passed to a
S - frequency offset monito: 72, which'first estimates and then
ékieduces any uncancelled frequency offset which may be present.

E”foset'monitpr'72 estimates the amount of uncancelled frequency .

“pffset by comparing'each coﬁputed DFT against a reference 74
" which corresponds to accumulated DFT's from_previohs observation
periods. Offset monitor 72 then rotates the elements of the DF?
by an amount that corresponds to the estimated uncancelled
25 frequency offset for thét DFT, thereby generating the rot;ted
DFT, R,'(kfy). |

22
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| ocal nodem whi ch receives data sent by a renote device over a receiver
chahnel in the formof a first single carrier nodul ated signal, wherein the
I ocal ‘modem i s capabl e of receiving the first, nodul ated si gnal over any ohe

of “a first pluralNeXy of T ASGHERA YR AS ?9@%%0@%%%?9 akedt RETLs card
oo over ‘LRSS 53R, 5P ghnerate 1 SvintRidy A7 o eaq‘ieé%ﬁ%pﬁiaég‘ésl 3“"
LT TR IAR B e 8 S ok RO R S

_ the i** period, when R,! (_ka) has been compiled, for each k in the

.5  range k;<k<k,, accumulator 76 computes the squared magnitude of'

;R*' (kfp) and adds the result te the stored value for A, ,, to
'-“lj_generate A . ' Accumulator 76 also divides the R,' (kfy) by /N and
. adds this result to the stored value for By.;-1 to generate B, ,.

A, , and 3;,; are accumulated in this manner for N observation

10 periods. (Note that A, ,'s are real numbers, whereas B, ,'s are
complex numbers.)

The B, ,'s generated during each observation periocd are

stored in storage element 78 for use as a reference signel 76

during the next observation period. That is, for the i*

15 observation period, reference signal 76 is equal to B, ,., computeé
during the previous observation period. Offset monitor 72 uses
reference signal 76 to compute Eg. 14 described earlier. That

- 1s, offset monitor 72 calculates the complex conjugate 0f the

; current P-point DFT from FFT algorithm 70, i.e. R(kfy), and then

computes the inner product of B, ,., and R,"(kf;). The inner
'product is then normalized to arrive et an estimate ef the phase
offset. It should be noted that by ﬁsing this approach, the
modenm can compeneate for any residual frequency offseﬁ as well as
track small amounts of low frequency phase jitter.

25 ' Since preselected frequencies were omitted from the line

probing signal, the values of B, at the locations of the omitted

23
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neésd%ing characteristics of the receiver channel based upon the received
first bine probing signal; and selecting one of the first plurality of
frequency bands based upon the neasured characteristics of the receiver °
chinnel , saffgequedgies provifie: penepsyrepofr Ahie nagr-Yingpr distantdon o be
used for receiving.the first nodul ated signal fromthe renote device.
Accordi ng t65§°§ﬁgFPdfHFFHth&sEEéPQGﬂ~th%hﬁﬁeséﬁﬁer B, » has been determined
o '.for N'obserVatioh'geriods, a distortion monitor 80 estimates the
non-linear distortion bx squafing the #mplitudes of B, y's
:-,5 . corresponding to 6mitted frequencies and computing the average of
the resulting squared amplitudés. The average is then supplied
by monitor 80 as a non-linear distortion indicator 82.
Using the A, y's and B, ,'s from'accumulator 76, an estimator
84 then estimétes the noise spectrum, &(kf,), and the channel
10 spectrun, |x(k:g|‘i for all frequencies used in the probing
signal. Estimator 84 accomplishes this by first computing ;E&mlz
and theh using Egs. 11 and 12, described above. Using the
‘estimates for the noise spectrum and the channel spectrunm,
estimator 84 then computes SNR(kf,) in accordance with Eq. 3,

15 described above. For the omitted frequency lines, estimator 84
approximates their SNR value by averaging the values of SNR(Kf,)
over frequency lines in their.vicinity.

Transform logic 86 receives the resulting values for
_-g;éﬁR(ka) from estimator 84 and computes the inverse DFT specified
'20 by Eq. 20, above. The output of transform logic 84 is the noise

: autocorrelation function described earlier. Finally, a decoder
SNR module 88 calculates the decoder SNR from the output of
fransform logic 86 according to Eg. 21. |
Using the approach_just described and aiso as part of step

25 }70 shown in Fig. 2, remote modem 4 then makes a number of local

decisions. Such local decisions help reduce the amount of
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-7; invéntion, there is provided a nethod for establishing
conmunication conditions in a |local nodem which receives data sent by a
renote device over a receiver channel in the formof a first single carrier
motlul at ed sigpfekrmatbhenethathresddetvi becapahangef withi liocglt modem 2. (Note
nodul at ed signal at any one of a first plurality of bit rates, the nethod
conpri si ng thatsthpslotalsdrdinjgon procedhras ppobangaaq;mhe&ranﬁtﬂhs same
renote device to the | ocal nodem over the.receiver channel;
for both modems 2 and 4.) In particular and in accordance with
the approach described earlier, remote moden 4 uses SNR(ka) ;o
5 compute the decoder SNR's for gach bahd-;ate/carrier-frequency
éombination available to it and then selects the best carrier
frequency for each of the avallable baud rates.
The computed decoder SNR's, the non-linear distortion
indicator, the signal power level of the received signal, as
10 - reflected by the AGC setting, and a user specified error
performanée requirement are then used to determine for each
available baud-rate Q, (using the begt-carrier-frequency) and the
maximum number of bits per baud IL;(Q,) that remote modem 4 can
receive at without violating the performance requirement. To
15 determine L,(Q,), modem 4 uses a preéomputed conversion table
which is indexed on the basis of thé above-identified
1nformation.
Ba51ca11y, the conversion table depends upon the moden's
modulation scheme, the coding gain of the coding scheme used, the
.20 way those schemeé are implemented, and the error performance
requirements. If trellis precoding is employed, the relationship
between performance and decoder SNR is approximately described by
Eg. 16 above. Nonlinear distortion and receive power level,
however, modify that relatiénship somewhat. The actual entries

25 in the conversion table can be derived, in part, from empirical

observations and experiménts in which the relationship between

25
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receiving the first line probing signal in the |ocal nodem neasuring
characteristics of the receiver channel based upon the received first |line
probing signal; and selecting one of the first plurality of bit rates bas&d
upon t he nepenfetmahaeaendrthéi decoflerh8NRecHNLDer avHanegieiveaippwsy davel is
one of the first plurality of bit rates to be used for receiving the first
modul at ed shgashredoferhsheepartidularetyPreofenpdemabedings vGedband and
maxi mum bit rate nmay be determ ned for the nmodem based upon an offline
measur enent of tASter L,(Q,) is obtained for all baud rates, remote modenm 4
can calculate, for each of the available baud rates Q,, the
5 maximum bit rate R,;(Q,) it can receive from local modem 2
according to the following relation:
R, (Q,) = Q;xL,(Q;)
When the spectrum analysis is complete, line probing
processor 58 stores the results in a decision matrix. Upon
10 completing the entries to the decision matrix, processor 58
indicates that its matrix is ready (step 180) and remote modem 4
transmits the information contained in its matrix to local modenm

2 over channel B (step 190).
In each modem, the user or the networﬁ system may specify a
15 maximum receive bit rate, R,,, and a minimum receiﬁe bit rate,
R.ne This user-specified operating range is taken into account-
when the modem determines the decision matrix entries. Thus, if
the selected bit rate for a particular baud rate is greater than
R..,, then modenm 2 sets it to R,,. Whereas, if the selected bit
'20 rate for a particular baud rate is less than.sgm, then modem 2
sets it to R,, and also sets a flag associated with that baud
rate to indicate that the performance requirement cannot be met
at that baud rate. Note that a user can force a desired bit rate

by setting R,,,=R,,=desired rate.

25 The user also has the option to disable some (but not all)

of the available baud rates. For example, the user may wish to

26
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chraracteristics of the particular channel to which the nodemis connected.
Thus, kn conmparison to other conventional npderms which use a single carrier

e N P o e £ BSOS K Spa Pl SOESRUERAUES e
SEEE Towp g poieseiiiing it St Har.
dat a conwumﬁﬁﬂacggkevggFﬁf@gﬁ@g&p eff|C|ent way to |n|t|alize
0f course, other constraints, besides those mentioned above,
5 may also limit the communication options available to modems 2
and 4. For example, a user may require symmetric baud rates or
symmetric bit rates in Soth transmission directions. Such
additional cénStraints are stored in the decision matrix of the
.cor;;sponding modem and are sent to the other modem along with
10 other relevant information.
sPecificélly, during step 190, the following information is
sent from the remote modem 4 to local modem 2:
a) the maximum bit rate at which the remote modem can
receive for each of the available baud rates:
15 b) the best carrier freguency to be used for each of the
available baud rates, '
c) a flag for each of the available baud rates indicating
whether the per:ormance requirement can be met;
d) a flag for each of the available baud rates, indicating
) 20 vhether that baud rate is disabled in the remote modem:
e) a flag to indicate whether symmetric bit rates are
required for Both directions of transmission; and
£) a flag to indicate whether symmetric baud rates are
required for both directions of transmission.
25 Naturally, some synchronization bits to indicate to

beginning of the data and parity bits for error checking may also

27
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- -/A - the adaptive rate system Furthernore, when using a QAM system we
achieve close to optinal utilization of the maxi numtheoretical capacity of
the channel. O her advantages and features will becone apparent fromthe *

fol | owi ng dgscer@hénptebat B8rBhE" eha8d 10FeRdFIYn Medngs PHagsly
describe the drawings. Fig. 1 1S a block diagram of a conmuni cati on system
whi ch Since the decision matrix information is short, it can be
transmitted quickiy and reiiably_by using a simple, low-speed,
robust modulation scheme which does not require a long training
5 .procedure. In this embodimgnt, this is achieved by using
Differential-Phase-Shift;Keying (DPSK) at 300 bps. Other
reliable modulatien schemes such as low-speed Frequency-Shift-
Keying (FSK) may also be employed.
Processor 54 monitors channel B for the presence of a DPSK
10  signal carrying the decision matrix fSr channel A from remote
modem 4 (step 260). When the DPSK signal is detected on channel
B, processor 54 activates a DPSK receiver in modem 2 that
includes a timing recovery circuit to provide correct sampling
phase and then processor 54 decodes the decision matrix from the
15 DPSK signal (step 210).

The DPSK receiver first looks for a synchronization pattern
from the received bit stream. Once the pattern is detected, the
receiver decodes the subsequent bits carrying the decision
matrix. At the same time, fhe receiver also computes a parity

'20 check. At the end of DPSK transmission, this parity is compared
with the one received from the remote modem. If they do not
agree, a DPSK transmission.érror is flagged.

After modems 2 and 4 have exchanged their decision matrix -
information in this manner, they have complete information about

25 channels A and B, including the operational constraints. Modem 2

then executes a final decision algorithm to select the carrier

28
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enbodi es the invention, Fig. 2 is a flow chart deplctlng t he operation
of the 1ine probing processors shown in Fig. 1; and Fig.-3 is a bl ock
di agram of the portion of the nodem which inplenents the spectrum anal ysi s

and t he deci sfreqmenties, aud aratpes scandnbitepaskswmto beFuged fceferring to
1, a local nodem 2, which is of a four-

Fi g.

10

15

’ 20

25

communication over channels A and B (step 220). Since both

modems 2 and 4 have the same information, they make the same

selections and a further exchange of final decisions is not

required.

The final decision algorithm first checks if any one of the

modems required symmetric bit rates, or symmetric baud rates. If

one of modems réquested a symmetric baud rate or a symmefric bit
rate, the request is enforced on both modems.

More.specifically, ir symmeﬁric baud rates are required, thé
decision algoriﬁhm checks whether there are allowable baud rates
common to both ﬁodems (i.e., baud rates which both satisfy the
performance requirements and are allowed). If such baud rates
exist, modems select the baud rate that maximizes the smaller of
the two bit rates. When there are no allowable baud rates commoh
to both modems, the decision algorithm includes baud rates that
do not safisfy the performance requiremént to find a common baud
rate. A possible criterion for determining the reasonable baud
rate may be to use a baud rate whose carrier frequency is closest
to the center of the frequency band. Since both modems use the
samé criterion to choose this baud rate, they should both reach
the same conclusion and no confusion will occur.

On the other hand, if symmetric baud rates are not required,
the decision algorithm chooses from all of local modem's allowed
baud rates the receiverlbaud rate that maximizes local modem's

receiver bit rate and it chopses from all of remote moden!s
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wi.re type, transmts information to a renote nodem 4 over a channel A and
receives information sent by the renote device 4 10 over a channel B
In_local nodem 2, an encoder 6 receives a data bit stream 8 and encodes the
bi't s accordahbowedsbnndcuatag tbeetransnd therd haadk yate that axinizes a
set of available baud rates. Local nodem 2 sends [err] bits/baud where
[err] is seFemete Badem'snrgcedvesf bifaxiadifi-e bit rates. A nodul ator 10,

using a carrier 15 signal -12 of a fre uencyd£err selected froma set of

avai | abl e carri eff FFé‘qG@ﬁcﬁé’énsﬁéMF&téé‘ S HERAIVAT RAticaeifPR the

transmt flk%grmoéegrogg%e%l %&i%e%hag5 Qé%éugggégeé f}equencies associated

5 with these baud rates are-uSed as the transmitter and receiver
carrier frequencies. Unless a symmetriq bit rate is required,
the maximum bit rate for each of those baud rates is used as the
transmission bit rate for the corresponding modem. If a
symmetric bit rate is required, the lower of the two bit rates

10 (i.e. the bit rate for the local modem receiver and the bit rate
for the remote;hodem receiver) is used as the common bit rate.
The main outputs of the line prebing processor are the
transmitter and receiver baud rates, Q, and Q,, the transmitter
and receiver carrier frequéncies, £, and £_,, the transmitter and
15 receiver bit rates, R, and R,, as well as an error code, which |
may indicate some unexpeeted error during the line pfobing
process (such as failure in deﬁecting the line probihg signal,
failure in synchronization, DPSK transmission error, etc.).
After the line probing is completed, modems go through a
) 20 training at the selected baud rate and carrier frequencies and
subsequently begin exchanging:actual data at the selected rates.
Although the described embodiment used a four-wire type
modem, it should be understood that this invention could also be
carried out using a two-wire type modem. During full-duplex
25 communication using a two-wire type modem, the received signals

may, of course, include echo. For purposes of conducting the
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bahdmﬁdth of the transmt signal, all in accordance with some single

carrier nodul ati on schene, e.g. quadrature anplitude 20 nodul ati.on

(QAM. Next, a digital-to-analog (D)A) converter 16 and a:low pass filtet
18" convert dlicedipyokiing measutemergs) it s desixaplke gielavoidhechoes in the
transmtted over, channel A to renote nodem4, In renote nodem 4, the

recei ved si geseiyedsianabuapd thimvcars eashlig Pg 3eeomphished doy ohavirg the
gai n cont ol (A Srfutt &% e A S0e S And D s SNt 8157 20

than concurrently, as in the above-described embodiment.

5 Other embodiments may include the following features. The
selection 6f'the number of bits per baud méy be based on the:
measurement of impairments in addition to or other than NLD and
receive level. - Also, in certain applications, no operational
constraints may be necessary, in which case, the information

10 exchange between the loc;1 modenm and the remote device may be
simplified. For example, each modem could immediatély select its
respective bit rate and the ﬁransmission band based upon its
channel measurement and then exchange its final decision with the
other modem. 1In addition, other exchange protocols may be used.

15 Further, the selection of the transmission band may be based onlf
on the measured frequency response of the channel and may not
require measurement of the noise spectrum. Also, baseband data
transnission may be employed instead of the passband transmission
used in the described embodiment.

'20 Other embodiments are within the following claims.

What is claimed is:
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9 which includes an adaptive filter 25 followed by a decoder 26. Adaptive
fil'ter-25 provides a desired overall inpulse response for decoder 26 which
decodes the received signal according to the particular coding scheme used
by | ocal modem 2 to obtain an 5 esti mg 4@t he transmtted data bit
stream 8. Renote nodem 4 al so i ncludes an“encoder 30, operating at a baud

rate [err] sglectxchddéin foSclebiviny! GtE Sl £Pé€Sa Pemote device over a
communication chﬁnnel by using'a single.ca:rier modulated signal,
the modem comprising:

- a receiver for receiving the modulated signal and for
receiving a line probing signai sent by the remote device
over the'channei, the receiver being capable of receiving
thé modulated signal over any one of a plurality of

~ frequency bands; |
b. a line probing processor for measuring characteristics of
the channel based upon the received line probing signal; and
c. a selector for selecting one of the pluraiity of frequency
bands, said selection being based upon the méasured
characteristics of £he channel, said selected frequency band

to be used for receiving the modulated signal from the

remote device.

‘2. The modem of claim 1 wherein the line probing processér
comprises:
j- a. a spectrum analyzer for generating discrete spectral
representations of the received line probing signal; and
b. a module for estimating a frequency response for the channel
based upon the discrete spectral representations of the
received line probing signal, the frequency response being

estimated at more than one frequency.

—
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modul ator 32 with a carrier signal 33 of frequency [err], selected froma
set of -avail able carrier frequencies, a transmtter filter 10 34, a
digital -to-anal og converter 36 and a | ow pass filter 38 which convert a -
data bit strkam 4The mhodem afiatbgimi ynwhezifiother dhsei psobingyvprockessoed

B. Renpte nodem 4 sends [err] bits per baud sel ected based on a set of
avai | abl e bicomprisesti kew se,. | ocal nodem 2 includes a | owpass filter 43,
an automatic gain 15 control circuit 45, an anal og-to-digital converter
44 and a rec%ivera4SPe§FﬁPmaFP§}Y?§§ef9§rgQBeFEEFﬂﬁegiéﬁr8§§pﬁpﬁétﬁﬁﬂter 47

whi ch produces a desired overall inpulse response_for a , )
representations of the received line probing signal; and

b. a module for éstimating a power spectral density of channel
noise based upoh the discrete spectral representations of

the received line probing signal.

4. The modem of claims i, 2, or 3 wherein the.modulated signal
is a 1ineariy modulated signal and wherein each one of said
plurality of frequency bands is characterized by a corresponding

baud rate and carrier frequency.

5. The moden of claim 4 wherein the carrier frequency of one or

more of said plurality of frequency bands is egual to zero.

6.. The modem of claim 4 wherein the linearly modulated signal

is a quadrature amplitude modulated signal.'

' 7. The modem of claim 1 wherein the measured characteristics

include a frequency response of the channel.

8. The modem of claim 1 wherein the receiver includes an
adaptive filter for providing a desired overall impulse response
to a decoder and wherein at least some of the measured

characteristics take into account the adaptive filter.

v —
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decoder 48 which decodes the signal received over channel B to generate an
eStimate 50 of the data bit stream8 transmtted by 20 renot e nodem 4.
Local nmodem 2 includes a |line probing signal generator 52, which generat€s
a.speci al probing signal sequence [err], and a |ine probing processor 54

whi ch measyres | it f .ch | B Ll kew L d
- a l:orrespoﬁdi ng&angggglm %ng&%_ 3%giwé'%rmelié\e%‘gf;:?ggbgg%\?mf{lg%@;eﬂie% :"i{fgeés&i:ﬁ1

probing si g3k, 3EYEACE A Bre1d) Bddd¥ashigabi ng processor 58 whi ch
measur es _
10. The modem of claim 1 wherein the measured characteristics

further include a signal-to-noise ratio of the channel measured

at more than one frequency.

11. The modem of claim 1 wherein the line probing signal is a

substantially periodic signal.

" 12. The modem of claim 11 wherein the line probing signal is of
the form:
x(t) = A zkcos(zx};fAt + &),
where x(t) reprgsents the line probing signal;
t is a time variable:
A is. a constant;
f, is a frequency resolution;
¢, is a phase angle:
k is a frequency interval index which belongs to a
' subset of the integers ranging from Xk, through k,;
k, specifies the lowest frequency index included in the
line probing signal:; and
k, specifies the highest frequency index included in
the line probing signal.

el aa

"
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- 10 - -the quality of channel A In general, |local nbdem 2 sends its
probi ng signal sequence [err] to |line probing processor 58 of the renote _
modem 4, which uses the corresponding recei ved signal sequence to conpute
the 5 si gridd - t Shwinpdemiod ¢lsNm Y¥bwhereir| thesphaseyangies 4f of the
frequency, i.e, [err]. Then, for each conbination of baud rate_and carrier
frequency avaking|Rraking signal arp@Esieckedptpcadchieve a2 small peak-to-

average ratio of the line probing signal.

14. The modem of claim 12 wherein the phase angles‘ak of the
line probing-éignal are equal to:
b = x(k=K;)?/ (kK,=k,)

15. The modem of claim 3 wherein the module performs weighted

periodogram averaging to estimate the power spectral density of

channel noise based upon the discrete spectral representations of

the received line probing signal.

16. The modem of claim 15 wherein the module also estimates a

power spectrumlof the channel response based upon the discrete

spectral representations of the received line probing signal and

then computes a signal-~to-noise ratio corresponding to the
channel based upon both the power spectral density of channel

noise and the power spectrum of the channel response.

' 17. The modem of claim 16 wherein the power spectrum of the

channel response and the power spectral density of channel noise

are estimated concurrentiy from the same received line probing

signal.

18. The modem of claim 16 wherein the receiver further comprises

35
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cofresbonding decoder signal-to-noise ratio (which shall be defined
shertly). For each baud rate, the carrier frequency 10 whi ch yields the
best performance (i.e., as will be explained later, the highest decoder

SNR) is saveg ald@dk % vy 3&;{-;9{-8' £ }h@gatéés@.ﬁ'éﬁo'b%%QI -Eklﬂ?iﬁse

decisions are sent to arly, local nodem 2

- deci si ons basggbérsé &ralaaécéaéw ARASLRE BN 0E0SRoABS ratild!lis E&dinined
its 15 decisions to renot.e nbpdem 4. Both nodens. then use the conbi ned

i nformati on el S€ivettsd hehé reuwsputsopnthenddapeheeagiatiered by [err] and
[err]) and the transm ssion rates (determ ned by [err]

19. The modem of claim 18 wherein the adaptive filter is used in

conjuction with trellis precoding.

20. The mcdem of claim lffurther comprising a transmitter for
transmitting information based upbn the méasured characteristics
to the remote device so that the remote device may identify one
of said pluralify of frequency bands based upon said transmitted
information and then communicate said identified band to the

receiver and wherein the selector selects the identified band as

said selected band.

21. The modem of claim 3 wherein received line probing signal
may include an impairment (e.gq. frequéncy offset and/or low
frequency phaée jitter) and wherein the line probing processor
further comprises an offset monitor for reducing effects of said
' impairment on the discrete representation of the received signal

prior its being used to determine the power spectral density of

channel noise.

22. The modem of claim 21 wherein the line probing signal is
substantially periodic and the discrete spectral representations

are generated for each period of the received line probing signal

36
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and [err]) to be used during subsequent data .conmunications. The probing
sequences are periodic signals selected to fully 20 and uniformy
stinulate the entire channel over the spectrun1of frequenci es whi ch nay be

ful f
cqual anpl i (008 PHAEYLR, e Breelh. Bep LR A eﬁ%ﬁﬁ%&%ﬁgﬁﬁa 63 Balt of
tones 25 | SEPAATARRE Byt KAk estiBav i Wi SRR ERRERY "ERACEE R
”EasurenentSroiht&%gd%ﬂé‘ﬁ%éﬁf&%é“?éﬂ?éééﬁ%é&f&ﬁﬁcQErégﬁéﬁding-to a current
period of the received line probing signél by an amount

determined by the estimate 6f said impairment.

23. The modem of claim 22 wherein the offset monitor estimates
said impairment by cbmparing the discrete spectral representation
corresponding to the current period of the received line probing
signal to a reference signal derived from the discrete spectral
representations corresponding to at least one previous period of

the received line probing signal.

24. The modem of claim 2 or 3 wherein the discrete spectral
representations of the received line probing signal are M-point

Discrete Fourier Transforms.

25. The modem of claim 1 wherein the receiver is also capable of
receiving the modulated signal at any one of a plurality of bit
rates and wherein the modem further comprises logic for selecting
one of the plurality of different bit rates based upon the
measured characteristics of'the'reéeiver.channel, said selected

bit rate to be used for receiving the modulated signal from the

remote device.

26. The modem of claim 25 wherein the line probing processor

37
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transmitted signal thereby reducing the possibility nnel
beyond its region of linear operation. The following is an one
such problngcgﬁﬂggggg Wwhich 5 satisfies these criteria: k2 er?] where A
I's a scaling constant

a. a spectrum analyzer for generating discrete spectral

t ones fSo as to yield a relatively small peak-to- avergﬁm’m]l for the

representéticns of the received line probing signal; and
b. a module for computing a nonlinear distortion indicator
based upon the discrete spectral representations of the

received line probing signal.

27. The modem of claim 25 wherein the receiver comprises a
monitor circuit for measuring a power level of the received line
probing signal and wherein the measured characteristics includes

a quantity derived from the received power level.

28. A modem for transmitting data to a remote device over a
communication channel by using a single carrier modulated signal,
the modem comprising:

a. a signal generator for generating a line probing signal;

b. a fransmitter for transmitting the modulated signal and for
transmitting the line probing signal to the remote aevice
over the channel, the transmitter being capable of

' ' transmitting the modulated sigﬁal over any one of a
plurality of frequency bands;

c. a receiver for receiving characteristics of the channel from
the remote device, the characteristics being derived by.the
remote device from the transmitted line probing signal; and

a. a selector for selecting one of the plurality of frequency

bands, said selection being based upon the measured channel

38
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nis a-‘sanpling interval index; 15 “ & “ency

resol ution; k is a frequency interval index; [errﬁm “\‘“‘“ﬁ“ “ owest

frequency i ndex included in the sequence; [err] speC|F|e§ the |ghest N
he se ual s

T A (R
sanples in one peEEQ%S%&tEQ? l%%% %‘leg%e%!%anal to the remote device.

29. The modem of claim 28'wherein the modulated signal is a
“linearly modulated signal and wherein each one of said plurality

of frequency bands is characterized by a corresponding baud rate

and carrier frequency.

30. The modem of claim 29 wherein the linearly modulated signal

- is a quadrature amplitude modulated signal.

31. The modem of claim 28 wherein the measured_characteristics

include a frequency response of the channel.

32. The modem of claim 28 wherein the measured characteristics
further include a signal-to-noise ratio of the channel measured

at more than one frequency.

33. The modenm of ciaim 28 wherein the line probing signal is a

substantially periodic signal.

34. The modem of claim 33 wherein the line probing signal is of

the form:
X(t) = A T,cos(2xkfyt + 6,),
where x(t) represents the line probing signal:;

t is a time variable;
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In the enbodi ment described herein, the sanpling rate is 25 9600 Hz, P
equal s+256, the frequency resolution [err] is 37.5 qummmmm"lmn and
[err] equals 96 (i.e., covering a frequency range frohyus ).
Li ne probi ng processors 53 and 58 enploy the Fast Fourier Trandform ¢FFT)
t echni que to conpute SNR(RP RoFong&aNtiespective 30 channels. They
. L ; _
deternine SR(f) by meagr} g, they L EH4e N aorut ton;
#, is a phase angle{
k is a frequency interval index which belongs to a
subset of the integers ranging from Xk, through k,:
k, specifies the lowest frequency index included in the
line probing signal; and
k, specifies the highest ffequency index included in

the line probing signal.

35. The modem of claim 34 wherein the phase angles 6§, of the
line probing signal are selected to achieve a small peak-to-

average ratio for the line probing signal.

36. The modem of claim 34 wherein the phase angles 4, of the
line probing signal are equal to:

& = x(k-k;)%/ (k;~k,)

37. A modem for receiving data sent from a remote device over a

) communication channel by using a single carrier modulated signal,

the modem comprising:

a. .a reéeiver for receiving the modulated signal and for
receiving a line probing signal sent by the remote device
over the channel, the‘receiver being capable of receiving
the modulated signal at any one of a plurality of bit rates;

b. a line probing procéésor for measuring characteristics of

40
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response, H(f), and the noi se power spectral densU,m,UHﬂr"'”",ﬂf e channel
at thes:discrete frequencies excited by the probin ”ﬂ rr],
where [err]. Then t he processors 54 and 58 conmpute ‘SN R(f} by using the °

foll owing wel | - pﬂ(\ﬁ ERAA b.Q”SHde hgbhl +Bef Vel ed R 13N prid® e R gPfall;Nand

measur enent al go mi1n detall, xpl anation -of the underlying rational e
will be gives, |naggageetort #er! %&he%%'ih%d orRC ¥fV theS PAUANA LY T Bl tairates,
times [err] can be witten in the form [err]
said selection being based upon the measured characteristics
of the receiver channel; the selected bit rate to be used

for receiving the modulated signal from the remote device.

38. The modem of claim 37 wherein the line probing processor

comprises: .

a. a spectrum analyzer for generating discrete spectral
representations of the received line probing sighal; and

b. - a module for estimating a frequency response for the channel:

| based upon the discrete spectral representations of the
received line probing siénal, the frequency response being

estimated at more than one frequency.

39. The modem of claims 37 wherein the line probing processor

comprises:

a. a spectrum analyzer for generating discrete spectral
representations of the received line probing signal; and

b. 2 module for estimating a power spectral density of channel
noise based upon the discrete specfral representations of

the received line probing signal.’

40. The modem of claims 37, 38, or 39 wherein the modulated

signal is a linearly modulated signal.
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signal ; -h(n) is the sanpled channel inpulse response

where * signifies convolution, x(n) is a transnitted per
potentially colored noise sequence with a power !ﬂ

[efr], Nis the nunber of observ tlon peri od I S a
observat i on4per i 3&? ngdem, 9f, & "g?‘b’l:n% n %ﬁ? #bgear aP°§b%e?PGnF19“a1
within the f,requenc nd_ of hannel out put y(n)
has t he folﬁ gh&ﬁégﬁﬁi (ﬁﬁé}#% i% ﬁ°€&&§€§§ %f?ﬁfg *the Discrete Fourier
Transform (DFT) of h(n) and

42. The modem of claim 40 wherein the measured characteristics

include a frequency response of the channel.

43. 'The modenm of claim 37 whefein the'measured characteristics
include a signAIfto-noise-ratio of the channel measured at more

than one frequency.

44. The modem of claim 37 wherein the line probing signal is a

substantially periodic signal.

45. The modem of claim 44 wherein the line probing signal is of

 the form:
xX(t) = A 3cos(2xkfpt + 4,),
where x(t) represents the line probing signal;
t is.a time variable:;
A is a constant:
) -fA is- a frequency resolution;
¢, is a phase angle;
k is a frequency interval index which belongs to a
subset of the integers ranging from k, through k,;
k, specifies the lowest frequency index included in the
line probing signal; and |
k, specifies the highest frequency index included in

42
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[err] is the DFT of y(n). Estimates of both [err] and [err] may be readily
obtai ned froma P-point DFT of the received segnent r(| n) n=0; ;.. - P-LH-
25 which is designated hereinafter as [err]. |If

e b o s 1 AN

46. The modem of claim 45 wherein the phase angles 4, of the
line probing signai are selected to achieve a small peak-to-

'average ratio for the line probing signal.

47. The modem of claim 45 wherein the phase angles 4, of the
line probing signal are equal to:
8y = =(k=k;) 2/ (k=)

48. The moden 6f claim 39 wherein the module performs weighted
periodogram averaging to estimate the power spectral density of
channel noise from the discrete spectral representations of the

received line probing signal.

49. The modem of clainm 48.wherein the module also estimates a
power spectrum of the channel response based upon the discrete
spectral representations of the received line probing sigﬂal and
then computes a signal-to-noise ratio corresponding to the

) channel based upon both the power spectral density of channel

noise and the power spectrum of the channel response.

50. The modem of claim 49 wherein the power spectrunm and the
spectral power density of channel noise are estimated

concurrently from the same received line probing signal.
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average: H 1 [err] It can be shown that the periodogra

an .asysptotically unbi ased and consi stent estinate of tmﬂm Im'm m,T”ﬂT
spectrum [err] That means, as the nunber of observatioh periro

i nCr eases,

i s unknown, 5%t nEpenBodenm RE: Eh2adP 3di WR

the nean and variance of the err nd to zero. Althou % ierr
s & SRERSIer AR ConPrises

an adaptive fxlte; for providing a desired overall impulse
response to a decoder and wherein at least someé of the measured.

characteristics take into account the adaptive filter.

52. The modeﬁ,of claim 51 wherein the adaptivé filter is used in
conjuction with trellis precoding.

53. The modem of claim 37 further comprisipg a transmitter for
transmitting infofmation based upon the measured characteristics
to the remote device so that the remote device may identify one
of said plurality of bit rates based upon said information and
then communicate said identified bit rate to the receiver and

wherein the selector selects the identified bit rate as said
selected bit rate.

54. The modem of claim 39 wherein received line probing signal

may include an impairment (e.g. frequency offset and/or low

- frequency phase jitter) and wherein the line probing processor

further comprises an offset monitor for reducing effects of said
impairment on the discrete representation of the received signal

prior its being used to determine the power spectral density of

‘channel noise.

55. The modem of claim 54 wherein the line probing signal is

substantially periodic and a discrete spectral representation is

44
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15 [err] 20 After substituting Eq. 7 into Eq. 6, with
strai ghtforward mani pul ations, Eq. 6 can be witten in the follow ng form

[err] Wth the substltutlons [err] this further reduces to: [err] Note
t hat :

generated for each period of the received line_probing signal and
wherein the offéet monitor feduces the effects of said impairment
by first estimaﬁing said impaiiment and by then rotating the
discrete representation corresponding to a current period of the

received line probing signal by an amount determined by the

estimate of said impairment.

56. The modem of claim 55 wherein the offset monitor estimates
said impairment by comparing the discrete spectral representatien
corresponding fo the current period of the received line probing
signal to a reference signal derived from the discrete spectral

representations corresponding to at least one previous periocd of

the received line probing signal.

57. The modem of claim 37 wherein the line probing processor

comprises:

a. a spectrum analyzer for generating discrete spectral

| representations of the received line probing signal; and
- b.  a module for computing a nonlinear distortion indicator

) based upon the discrete spectral representations of the

receivedhline probing signal.

58. The modem of claim 37 wherein the receiver comprises a
monitor circuit for measuring a power level of the received line
probing signal and wherein the measured characteristics includes

a gquantity derived from the received power level.
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[err] 30 The line probing processors 54 and 58 useé the above equations
to-sinultaneously estimate the noi se spectral densit hannel
frequency response [err]. - 14 - Every observatio [I!E"m Wﬂ ﬁi
al gorithnms accunmul ate and store J[err] and [err].
59. In a system in which a local modem receives data sent by a
remote device over a receiver channel in the form of a first
single carrier modulated éignai,fthe modem being capable of
receiving the first_moduiated signal over any one of a firsf
plurality'of frequency bands, a method for'establishing-
cdmmunicaﬁion conditions comprising the steps of:
a. sending a.first line prbbing signal f:om the remote device
to the local modem over the receiver chanmel;
b. receiving the firsﬁ line probing signal in the local modem:
c. measuring characteristics of the receiver chénnel based upon
the received first line probing signal; and
d. selecting one of the first plurality of frequenEy bands
based upon the measured characteristics of the receiver
channel, said sélected one of the first pluraiity of
frequency bands to be used for receiving the firstlmodulated

signai from the remote device.

60. The method of claim 59 wherein the modem transmits data to
J a the remote device over a transmitter channel by using a second
single carrier modulated signal and being capable of sending the
second signal over any one of a second plurality of frequency
bands, the method further comprising the steps of:
a. sending a second line probing signal from the local modem to
the remote device over the transmitter channel:;

b. receiving the second line probing signal in the remote
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periods, the results equal [err] and [err], respectLngyr”Thé'é;ti - of
[err] «at any given frequency [err] nay be 5 affected b!ﬁ\ mm [

energy density at other frequencies and thus may be "ﬁk : *
conputing the DFT's fromthe received signal r(i,n) w BFT™t echni que,
the line probing $20k@8sors 54 and 58 use wi ndowi ng, a known spectrum
anal ysi s techni que for £nprovin t he geifornance of sinpl,e periodogram
averagi ng. 1% 10 Reasyrindchrrartentstirsc0fnhERe; Kranspitierychannek bpsed
| ength 2P is used. The_gbnnLng mﬁadOM/ha g.raised cosing shige with a 100%
rol [-off. To reduBRORhEREFER iyednSeraRd.LiBei Rrobing: Figeatg and
- d. selecting one of the second plurality of frequency bands
based upon the measured characteristics of the transmission
channel, said selected one of the second plurality of
frequency bands to be used for sehding the second modulated

signal to the remote device.

61. In a system in which a local modem receives data sent by.a

remote device over a receiver channel in the form of a first

single carrier modulated signal, the modem being capable of

receiving the first modulated signal at any one of a first

plurality of Bit rates, a method for establishing communication

condiﬁions-comprising the steps cf:

a. sending a first line probing signal from the remote device
to the local modem over the receiver channel:;

b. receiving the firSt.iine probing signal in the local modem;

c. measuring characteristics of the receiver channel based upon

, : the received first line probing signal; and

d. selecting one of the first plurality of bit rates based upon
the measured characteristics of the receiver channel, said
selected one of the first plurality of bit rates to be used

for receiving the first modulated signal from the remote

device.
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wi ndow of 1ength 2P, two successive periods of received data are
over| apped. O course, a wi ndow of duration |onger than 2P may 15 be used
to i nprove accuracy, however, this would increase the amount of

conput ati ons 62qui The methednpfecilaimt 6k wirgreincthatnoden transmitsvdata to.
signal r(i,n) may al so have a frequency offset that can substantially

degrade the atberxepose devise: prari antsanspittercehangay bynusipg a; pecond
noi se spectrum Al t hough, w ndow ng reguces effegts_ot:the fre ueac%

of fset, additPdREtesFayEigremosudated sagnas ApdeYEnCRBAPAE, Of) RepAdhng the
noi se-free S! 5ad3bn nsignal at any one of a second plurality of bit rates, the

method further comprising the steps of:

a. éending a.second_line probing signal from the local modem to
the remote device over the transmitter channel;

b. receiving the second line probing signal in the remote
.device:

c. measuring characteristics of the-tranémitter channel based
upon the received second line probing signal; and

d. selecting one of the second plurality of bit rates based
upon the measured characteristics of the transmission
channel, said selected one of the second plurality of bit

rates to be used for sending the second modulated signal to

the remote device.
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the presence of frequency offset causes the DFT for the current observation (:
period to differ fromthe DFT for the preceding 25 period by a constant ¢
phase factor. That is: [err] = phase factor = [err] =~ (13) - 15 - < —
where [err] is the frequency offset. Thhg_relationship s used to estimate

t he phase factor. Then, the estinmated phase factor is

' ABSTRACT
MODEM

.. - A modem receives data sent from a remote device

over a communication channel by using a éingle ’

~ carrier modulated signal. The modem includes a
rgceiver which receives the modulated signal and a

. line probing signal sent by the remote device over
the channel. The receiver is capable of receiving
the modulated signalfovér any one of a plurality
of frequency bands. A line probing processor
measures characteristics of the channel based upon
the received line probing signal. A selector selects
one of the plurality of frequency bands, this
selection being based upon the meaéured characteristics
of the channel. The selected frequency band is to
be used for receiving the modulated signal from the
remote device.
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used to rotate the DFT's to canceJE%he effects of the frequency offset

I n the enbodi ment descri bed her ei n,

t he,accunul ati ng estimates of [err]
where i

10

initial

r at her

to achi eve basically the sanme resu
period of accurul ati on,

| i ne probing ﬁﬂmﬂm&ﬁﬂﬁﬂ3
(whi ch shal
i ndi cates the observation period)
previ ous period,

58 use

ferr] .

gl

the newly conputed periodograns [err]

are conpared with the correspondi ng ] by takinggt hg i nner product:
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o e o --T%Z . .
[err] where 1is the conplex conjugat ?ﬁnd the summation is over 15 [err].

The quemtity E, a conplex nunber, is normalized by using a polynom al
appgoxi mation of the function [err] where x equals [err]
Is added to [err]
In addition to SNR(f),
distortion for data transm ssion is non-linear distortion (NLD)

used to rotate [err] be

estimate of [err]. 20

fore [err]

and then it is

an i nportant source

the energy in the transnitted frequency conponents to be spread over
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other frequencies. Al though there arzjétandard techni ques for neasuring NLD
on telephone lines, it is desirable to obtain a 25 rough estimte of NLD
by u§|ng the Iine problng si gnal s. Thus, to nmeasure NLD, the line probihg
S|gnal is.slightly nodified from - 16 - the one described above. This is
done by_onitting sone presel ected frequency |lines. Line probing processors
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then neasure the strength of the received |ine probing signals at these
omtted frequencies and average those neasurenents to 5 arrive at a

rdugh éstimate of NLD. As will be described later, the estimate of NLD is
~then taken into account in estimating the maxi mum achi evable bit rates for

t he nodens. To account for the m ssing frequencies, |ine probin SOrs
54 and 58 estinmate the mssing val ues of [err] by 1095\@#% ﬁ 3 3
val ues REPLUAOBMEND SHEFTSNdi g to}freqyency lines in ni

omi |t tE teberiionn prgdd .Nbso pahal Jlocqti on of the oni tt

sel e qf €Saififs)t hatpagé@?a o ?)agé?f'.ﬁ(?
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| B SEP 1997 [1 Abstract  : paged ........ to paged .........
DATE OF RECEIPT .......... e DATE OF RECEIPT............=.... .
This invention relates to data communication equipmenc or s

modens. '

Modems are devices which employ digital modulation
techniques to transmit binary data over analog band limited
communication.channels. High-speed modems commonly use linear
'modulation schemés_such as quﬁdrature_aﬁplitude modulation (QAM).

In linear'modulation systems, binary information is
collected in groups of M L bits (M is dimensionality and L is the
bits/baud which may be fractional) and the resulting sequence is
mapped into a sequence of complex-valﬁed signal points, using
sone coding scheme. The complex segquence is filtered by a
shaping filter to limit its bandwidth, and the real and imaginary
components of the filtered signal points are used to amplitude |
modulate the quadrature components of a sinusoidal carrier of
some frequency fc{ If the bit rate is R b/s, then Q=R/L is the
baud.rate of the linear modulation system. The baud rate
represents the minimum bandwidth :eqﬁired to transmit the moden
signal without introducing distortion. (The actual bandwidth of
fhe shaping filter may be larger, but.it is typically
proportional to the baud rate.) The baud rate and the carrier
frequency together determine the transmission band.
| The bandwidﬁh efficiency.of a linear modulation systenm is
measured by L, the number of bits it transmits per baud. For

fixed rate R, increasing L reduces the baud rate and thus the
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to all

transm ssi on bands available to the nodemand |ie near the md-range

of ;such, bands, where SNR(f) is likely to be relatively 15 uniform By
selecting the omtted frequencies in this manner, the error caused by this
approximation is kept small. After N observation periods have el apsed and
the estimates of [err] and [err] have been accunul ated for [err],
processors 54 and 58 conpute [err] for the correspondi ng channel s using

Egs. 11, 20

12 and 3, above. The %pnputed [err] is then used to

determ ne for each baud rate the carrier frequency which yields the best
recei-ver performance. The way this is determned will now be

required bandwidth. However, increasing L also reduces the noise
tolerance of the system. Therefore, for a given channel
characteristic, there is an optimumltradeoff between the baud
rate and the number of bits transmitted per baud.

On channels with a rectangular or brickwall-like spectrum
and white noise, the baud raté nmust be chosen approximately equal
to the channel Sandwidth. on the other hand, if the channel
spectrum shows gradual attenuation, it may be preferable to
choose the baﬁd rate large enough such that portions of the
attenuated regions are included in the transmission band. A
large baud rate results in increased diétortion, however, an
equalizer in the receiver can compensate for the distortion and
the noise enhancement caused by equalization may be more than
offset by the improved noise tolerance obtained with a smaller L.

In most commercial high-speed voiceband modems that are
available today, the baud rate and carrier fregquency and thus the
transmission band is often fixed; e.g., Q=2400 Hz and £ =1800 Hz.
Recently, modens were int:oduced which offer muitiple but
manually selectable'carrier frequencies. In either case, since
channel characteristics show considerable variation between
different lines or connections, with such modems it is difficult

to achieve the best possible performance on all possible lines.

In general, in one aspect, the invention is a moder for
receiving data sent from a remote device over a communication

channel by using a singie carrier modulated signal. The modem
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descri bed. The decoder in each nodem operates on a properly equalized 25

signal, .
Thus, it
filter,

. €.

is

. €.

one whi ch has passed through the receiver's adaptive filter.
generally the SNR at the output of the -- 17 - adaptive
t he decoder SNR, that is nost relevant to the performance of

t he recejver. The decoder SNR is related to

3

includes a receiver for receiving the modulated signal and for
receiving a line probing signal sent by the remote device over
the channel, the receiver being capable of receiving the
modulated signal over any one of a plurality of fregquency bands;
a line probing processor for measuring characteristics of the
channel based upon the received line probing signal; and a
selector for selecting one of the plurality of frequency bands,
said selection being based upon the measured characteristics of
the channel, sald selected frequency band to be used for
receiving the modulated signal from the remote device.

In preferred embodiments, the measured characteristics
include a frequency response of the channel and/or a signal-to-
noise ratio of the channel measured at more than one frequency.
The receiver includes an adaptive filter (which may implement
trellis precoding) for providing a desired overall impulse
response for the channel and at least some of the measured
characteristics take into account the adaptive filter. And, the
line probing signal is a substantially periodic signal.

Preferred embodiments also include the folloﬁing features.
The line probing processor includes a spectrum analyzer for
generating discréte_spectral reﬁresentations of the received line
probing signal; a module for estimating a frequency response for
the channel based upon the discreté spectral representations of
the received line probing signal, the frequency response being
estimated at more than one frequency; and a module for estimating

a power spectral density of channel noise based upon the discrete
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[err]. and the precise relationship depends upon the type of adaptive
filster wsed in the receiver. 5 In the described enbodi nent, nodens
2 and 4 are equipped with a trellis precedi ng equal i zation systen1such as
the schene disclosed in the U S. Patent Application entitled "Trellis

Precodi ng for Mdul ati on Systens, "by Eyuboglu and Forney, filed on an even
date herewith and hereby incorporated by reference. 10 In trellis '
precodi ng, each receiver 24 and 46 jnq*udes a fractionally-spaced

m ni num mean- squared error |inear equalizer whose output is sanpled at the
baud rate; followed by a |inear :

spectral representations of the received line probing signal.
Also, the modulated signal is a lineafly modulated signal (such
as a quadrature amplitude modulated signal) and each one of said
plurality of frequency bands is characterized by a corresponding
baud rate and carrier ffequency. The noise estimating module
also estimates a power spectrum of the.channel response based
upon the discrete spectral representations of the received line
probing signal and then computes a signal-to-noise ratio
corresponding to the channel based upon both the power spectral
density of channel noise and the power spectrum of the channel
response. The noise estimating module performs weighted
periodogram averaging to estimate the power spectral density of
channel noise based upon the discrete spectral representations of
the received line probing signal and also concurrently estimates
the power spectrum of the channel response and the power spectrai
density of channel noise from the same received line probing
signal. The moden also includes a transmitter for transmitting
information besed upon the measured characteristics to the remote
device so that the remote device may identify one of said
plurality of frequency bands_based upen said transm;tted
information and then communicate said identified band to the
receiver and wherein the selector selects the identified band as
said selected band. If the received iine probing signal may
include an impairment (e.q. frequency offset and/or low frequency
phase jitter), the line probing processor also includes an offset
monitor for reducing effects of said impairment on the discrete

ment
g i tne 1R
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prediction filter responsible for whitening the residual error sequence at
the output of the linear equalizer. If [err] is the 15 conpl ex sequence
transmtted by the trellis precoder, then the received sequence at the
output of the prediction filter can approxinmately be-witten in the form
[err] .where [err] is a causal (i.e., [err] n<0) overall inpulse 20
response and [err] is a white error sequence of sone variance [err] Here,

.it may be assuned that the filters are scaled such that [err]. Then
under the assunption that the error signal can be

representation of the received signal prior its being used to
determine the pbwér spectral.density of channel noise. The
offset monitor reduces the effects of said impairment by first
estimating said impairment and by then.rotating the discrete
representation corfesponding to a current period of the received
line probing signal by an amount determined by the estimate of
lsaid impairment. The offset monitor estimates said impairment by
comparing the discrete spectral representation corresponding to
thelcurrent pefibd of the received line probing signal to a
reference signal derived from the discrete spectral
representations corresponding to at least one previous period of
the received line probing signal. Also, the discrete spectral
representations of the received line probing signal are M~-point
Discrete Fourier Transforms.

Preferred embodiments also include these additional
features. The receiver is capable of receiving the modulated
signal at any one of a plurality of bit rates and the modem
further includes Logic for selecting one of the plurality of
different bit rates based upon the measured characteristics of
the receiver channel, said selected bit rate to be used for
receiving thé modulated'signal from the remote device. The line
probing processor includes a spectrum analyzer for generating
discrete spectral representations of the received liﬁe probing
signal; and a module for computing a nonlinear distortion
indicator based upon the discrete spectral representations of the

received line probing signal. The receiver also includes a
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nodel ed as Gaussi an and negl ecting other small effects, it is known that
the performance of the trellis precoder is given by 25 [err]

(16) where Kis a constant, [err] is the Gaussian tail function given -
18 - by [err] :

monitor circuit for measuring a power level of.the received line
probing signal and the measured characteristics includes a
quantity derived from the received power level.

In general, in another aspect, the invention is a modem for
transmitting data to a remote device over a communication channel
by using a single carrier modulated signal. The modem includes a
signal generator for generating a line probing signal; a
transmitter for transmitting the modulated signal and for
transmitting the line probing signal to the remote device over
the channel, the transmitter being capable of transmitting the
modulated signal over any one of a plurality of frequency bands;
a receiver for receiving characteristics of the channel from the
remote device, the characteristics being derived by the remote
device from the transmitted line probing signal; and alselector
for selecting one of the plurality of frequency bands, said
selection being based upon the measured channel characteristics,
the selected frequency band fo be used for transmitting the
nodulated signal to the remote device.

In general, in yet another aspe;t, the invention is a modem
for receiving data sent from a remote'device over a communication
'channel By using a single carrier modulated signal. The modem
includes a receiver for rece1v1ng the modulated signal and for
receiving a line problng signal sent by the remote device over
the channel, the recelvgr being capable‘of receiving the
modulated signal at any;one of a plurality of bit rates; a line

probing processor for méasuring characteristics of the channel
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5 and [err] is typically taken as the m ni mrum di stance between al |l owabl e
channel, out put sequences. The quantities K and [err] depend on the trellis
code that is used in conjunction with the trellis precoder. Stated
approximately, [err] decreases by a 10 factor of {err] for every
increment in L, the nunber of bits per baud, assum ng that the average
power of the precoder output is kept constant. The sanpl ed decoder SNR may

be defined as [err]. The baud rate orqcarrier. frequency affect the decoder
SNR only through the noise variance [err]. '

based upon the received 1ine probing signal; and a selector for
. selecting one of the plurality of bit rates, said selection being
. based upon the measured cheracteristics of the receiver channel,
the selected bit rate to be used for receiving the modulated
signal from the remote device.

The invention determines the best transmlssion band and
maximum bit rate for the modem based upon an offline measurement
of the characterietics of the particular chaneel to which the
modem is connected. Thus, in comparison to other conventional
modems which use a single carrier frequency ﬁoduiation schene,
the invention makes better use of the available frequency band of
the channel and does so from the beginning of data transmission.
Moreover, for modems which utilize an adaptive rate system to
establish and maintain optimum performance during the course of
data communications, the invention provides an efficient way to
initialize the adaptive rate systen.

Furthermore, when using' a QAM system, the invention achieves
close to optimal utilization of the maximum theoretical capacity
of the channel.

Other advantages and features will become apparent from the

following description of the preferred embodiment:

We first briefly describe the drawings.

Fig. 1 is a block diagram of a communication system which

embodies the invention:;
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15 To determine the relationship between [err] and SNR(f), first
note that at the equalizer output, after denodul ation, the noise spectrum
is given by [err] where Q equals the baud rate and it is assuned that the
20 transmtted signal has zero excess-bandw dth. = (Typically, high-
speed nodens use 10-12% excess bandw dt h; however, experinents have shown

that this has only a small effect on performance). Now, the autocorrelation
sequence of the noise sequence can bg conputed as :

Fig. 2 is a flbw chart depicting the operation of the line
probing processors .shown in Fig. 1; and

Fig. 3 is a block diagram of the portion of the modem which
implements the spectrum.analysis and the decision matrix
computation step shown in Fig. 2.

Referring to Fig. 1, a local modem 2, which is of a four-
wire type, transmits information to a remote nmodem 4 over a
channel A and-receives information sent by the remote device 4
over a channel B: In local modem 2, an encoder 6 receives a data
bit stream 8 and encodes the bits accdrdiné to some coding schene
at a baud rate Q, selected from a set of available baud rates.
Local modem 2 sends L, bits/baud where L, is selected based on a
set of available bit rates. A modulator 10, using a carrier
signal 12 of a frequency £, selected from a set of available
carrier frequencies, modulates the output of encoder 6 and a
transmit filter 14 produces pulse shaping to control the
bandwidth of the transmit signal, ali in accordance with some
éingle carrier modulation schene, e.g. gquadrature amplitude
modulation (QAM). Next, a digital-to-anélog (D/A) converter 16
and a low pass filter 18 convert the digital transmit signal to
an analog signal 20 which is transmitted over channel A to remote
modem 4.

In remote modem 4, the received signal passes through a low-
pass filter 21, an automatic gain control (AGC) circuit 33, an

analog-to-digital (A/D) converter 22 and then a receiver 24,

This is the replacement shegt
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25 [err] (19) Since the spectra are neasured at
discrete frequencies [err] can be approximated as follows: 30 - 19 -
[err] where a is some normalization factor and [err] and [err] are

which includes an adaptive filter 25 followed by a decoder 26.
Adéptive filter 25 provides a desired overall impulse response
for decoder 26 which decodes the received signal according to the
particular coding scheme used by local modem 2 to ‘obtain an
estimate of the transmitted data bit stream 8.

Remote modem 4 also includes an encoder 30, operating at a
baud rate Q, selected from a set of available baud rates, a
modulator 32 with a-carrier signal 33 of frequency £, selected
from a set of available carrier frequencies, a transmitter filter
34, a digital-to-analog converter 36 and a low pass filter 38
which convert a data bit stream 40 into an analog signal 42 for
transmission over channel B. Remote modem 4 sends L, bits per
baud selected based on a set of available bit rates. Likewise,
local modem 2 includes a low-pass filter 43, an automatic gain
control circuit 45, an analog-to-digital converter 44 and a
receiver 46. Similarly, receiver 46 includes an adaptive filter
47 which produces a desired overall impulse response for a
decoder 48 which decodes the'signal received over chénnel B to
generate an estimate 50 of the data bit stream 8 transmitted by
remote modem 4.

Local modem 2 includes a line probing signal generator 52,
which generates a special probing signai sequence x,(n), and a
line probing processor 54 which measures the quality of channel
B. Likewise, remote modem 4 includes a corresponding line
probing signal generator 56, which generates a probing signal

sequence Xx,(n), and a line probing processor 58 which measures
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5 the frequency indices corresponding to the bandedges assum ng the baud
rate Q.and carrier frequency [err]. Once [err] are determ ned, [err] can
be conputed using well-known formulas for |inear prediction. For exanple,
if it can be assunmed that the noise sequence is a first-order

aut oregressive (AR) process as 10 descri bed by Eyuboglu in "Detection
of Severely Distorted Signals Using ci sion Feedback Noise Prediction with
Interl eaving"” | EEE Trans. on Comruni<Tations, April, 1988, then, [err] is

given by [err]

the qguality of channel A.

In general, local modem 2 sends its probing signal sequence
¥x,(n) to line probing processor 58 of the remote modem 4, which
uses the corresponding received signal sequence to compute the
signal-to~noise ratio (SNR) for channel A as a function of
frequency, i.e. SNR,(f). Then, for each combination of baud rate
and carrier frequency available to it, remote modem 4 computes a
correspondin§ decoder signal-;to-noise ratio (which shall be
defined shortly). For each baud rate, the carrier frequency
vhich yields the best performance (i;e., as will be explained
later, the highest decoder SNR) is saved along with a value
representing the performance. Thes;a decisions are sent to local
modem 2. Similarly, local moden 2 makes decisions based on a
similar line measurement process and, in turn, sends its
decisions to remote modem 4. Both modemns then use the combined
information to select the transmission.bands (characterized by
Q. Q. £,, and £,) and the transmission rates (determined by I,
and 1,) to be used during subsequent data communications,

The probing sequences are periodic signals selected to fully
and uniformly stimulate the entire channel over the spectrum of
frequencies which may be useful for datg communication. One such
sequence consists of a group of equal amplitude tones which are
evenly spaced within the frequency band of interest, namely, 100
to 3600 Hz. The frecquency .separa.tion-between the tones
determines the frequency resolution éf the resulting SNR .

measurements. It is desirable to select the phases of these

ont shedt e
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15 Thus, by using Egs. (20) and (21), line probing processors 54 and 58
can detern1ne for each baud rate Q the carrier frequency [err] which

yi el ds the smallest noise power [err]. The conputation of decoder SNR
descri bed above can be extended to hi gher order AR nodels using well known
formul as for 20 t he m ni num mean- square error prediction error as
described in Jayant and Noll, "D gital Coding of Waveforns" Prentice-Hall
1984. The description given above assynes that the fractionally- spaced

| i near equalizer has a sufficiently |IYarge span to reduce

tones so as to yield a relatively small peak-to-average ratio for
the transmitted éignal thereby reducing the possibility of
driving the channel beyond its region of linear operation. The
following is an example of one such probing sequence which

satisfies these criteria:

k

x{(n) = A zzcos {2zKEsnT, + 6,), n=0,,...,P-1 (1)
k,

8, = =(k=X;)/ (k,~k,) (2)

where A is a scaling constant;

n is a sampling interval index;

f, is the frequency resolution:

X is a frequency interval index:

X, specifies the lowest frequency index included in the
sequence;

k, specifies the highest frequency index included in
the sequence;

T, equals 1/f,, where f, is the sampling rate; and

P equals f£,/f,, the number of samples in one period of
the line probing signal.

In the embodiment described herein, the sampling rate is
9600 Hz, P equals 256, the frequency resolution f, is 37.5 Hz, X,
equals 3 and X, equals 96 (i.e., covering a frequency range from
112.5 to 3600 Hz).

Line probing processors 54 and 58 employ the Fast Fourier
Transform (FFT) technique to compute SNR(f) for their respective

channels. They determine SNR(f) by measuring the frequency
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25 the effects of phase distortion to a negligible level. In high-
speed podens that is often a reasonabl e assunption. |In applications where
this condition may not be satisfied, the - 20 - effect of phase

di stortion has to be taken into account. Furthermore, if the assunption of

a first-order AR nodel does not hold, then the residual noise sequence may
be correlated and its

12

response, H(f), and the noise ?ower spectral density, ¢(f), of
the channel at the discrete frequencies.excited by the probing
signal, i.e. kf,, where k=k,,..{,kz. Theﬁ, the processors 54 and
58 compute SNR(f) by using the following well-known relationship:
SNR(f) = |H(£)|%/2(f) . (3)

Before describing the steps of the measurement algorithm in
detail, an explanation of the underlying raﬁionale will be given.

In general, the real-val#ed received sequence sampled at
times (iP+n)T, can be written in the form:

r(i,n) = x(n)*h(n) + w(i,n) (4)
= y(n) + w(i,n) i=0,1,...,N-1; n=0,1,...,P-1 (5)
where * signifies convolution, x(n) is a transmitted periodic
probing signal, h(n) is the sampled chénnel impulse.response,
w(i,n) is a potentially colored noise sequence with a power
spectral density of &(f), N is the number of observation perlods;
and i is an index for observation perlods.

Since the probing signal x(n) has a flat spectrum within the
frequency band of interest, the noiseless channel output y(n) has
the following power spectrum: - |

| ¥ (X£,) |2 = |H(XE) |2 _
where H(kf,) is the Discrete Fourier Transform (DFT) of h(n) and
¥(k£f,) is the DFT of y(n). | .

Estimates of both H(kf,) and ¢(kf,) may be readily obtaihed
from a P-point DFT of the received segment r(i,n) n=0,1,...,P-1,
which is designated hereinaft‘ér as R,(kf,), i=0,1,...,N-1. If

¥ (kf,) were precisely known, then an estimate of the n01se e

\acﬁd :i".
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effect on performance may have.to be taken into consideration. 5

Havi ng described the nature of the conputations performed by processors 54
and 58, the steps of the neasurenent al gorithm shown in Fig. 2, will now
be described in more detail. Local nodem 2 starts the line probing process
by transmtting a |ine probing tone signal at sone fixed frequency for a
fixed nunber of 10 bauds (designated in Fig. 2 as S) over channel A
(step 110) while at the sane tine, rgapte nodem 4 nonitors channel A to

detect the tone signal (step 120). After detecting the line probing tone,
renot e nodem 4

spectrum & (kf,) could be obtained from the following periodogram
average:
N-1
®(kfy) = (I/N) T IR,(XEs) = ¥ (kfp) I"5 ky<ksk,. (6)
It can be shown that the periodogram averaging yields an
asymptotically unbiased and consistent estimate of the noise
spectrum, &(kf,). That means, as the nuﬁber of observation
periods increases, the mean and variance of the error tend to
zero.
Although v¥(kf,) is unknowh, it may be estimated by using the
following DFT averaging:
N-1
¥(XLp) ~ (1/N)1>E_°R;(kfa)r ky<kzk,. _ (7}
After substituting Eq. 7 into Eg. 6, with straightforward
manipulations, Eq. 6 can be w;itten in the following form:
No(k£p) ~ IR, (kfa) |2 = |{1//N) R, (kEp) |2 (8)
With the substitutions
A, = 3,|R,(kfp) |2 i k<k<k, (9)
B, = (L//MEIR (kE) & ki<ksk, (20)
this further reduces to:
 a(kEy) ~ (B, - BY/N § k<k<k, : (11)
Note thaﬁ: . _
|H(kEp) |12~ B 1 ky<kek,. (12)
The line probing processors 54 and 58 use the above equations to
simultaneously estimate the.noise.spectral density #(kf,) and the

channel frequehcy response H(kf,).
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initiates a period of tone training (step 130). During this 15 peri od,

I t. uses a phase-locked |loop (PLL) to learn the frequency offset in the
incomng tone and at the sanme tinme it adjusts its AGC setting to achieve a
desired signal level prior to A/D conversion. After a fixed anount of tine,
the receiver freezes both its AGC setting and its PLL and then switches to
a 20 transition detection state to detect the arrival of the w deband

i ne probing signal transmitted fromghe | ocal nodem 2 (step 140). In the
meantinme, the transmtter in nodem 2 continues to

Every observation period, the algorithms accumulate and
store I,|R,(kfy)]? and (1//N)S,R,(kfy). After N observation
periods, the results egqual A, and B,, k=k,;,...,K;, respectively.

The estimate of &(kf,) at any given frequency kf, may be
affected by the spectral energy density at other frequencies and
thus may be "biased". When computing the DFT's from the received
signal r(i,n) with an FFT technique, the line probing processors
54 and 58 use windowing, a known spectrum analysis technique for
improving the pefformance of simple periodogram averaging. In
the embodiment described herein, a Hanning window of length 2P is
used. The Hanning window has a raised cosine shape with a 100%
roll-ocff. To reduce the calcuiation time associated'with using a
window of length 2P, two successive periods of received data are
overlapped. Of course, a window of duration longer than 2P may
be used to improve accuracy, however, this would increase the
amount of computations required for completing the FFT
calculations.

The received signal r(i,n) may also have a frequency offset
that can substantially degrade the accuracy of the estimation of
R;(kf,) and, in turn, the noise spectrum. Although, windowing
reduces effects of the frequency offsét, additional steps are
taken to reduce it even further. In the noise-free situation,
the presence of frequency offset causes the DFT for the current
observation period to differ from the DFT for the preceding
period by a constant phase factor. That is:

R,,, (k£5) /R, (k£fs) = phase factor = exp[j2xf,PT,) (13)
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transmt its tone for at |least S bauds and until it receives a 25 reply
tone fromrenote nodem 4. Then, processor 54 causes probing signal
generator 52 to generate the above-descri bed -21- special probing signal
and transmts it to renote nodem 4 for at |east N periods (step 150).

After receiving N periods of the probing si gnal fromrenote nodem 4, nodem
2 swtches to a 15

where £, is the frequency offset. This felatiénship is used to
estimate the phase factor. .Then, the estimated phase factor is
used to rotate the DFT's to éancel the effects of the frequency
offset.

In the embodiment described herein, line probing processors
54 and 58 use the accumulating estimates of B,, k=k;,...,k,;,
(which shall be designated as B, ;, where i indicates the
observation period) rather than the DFT from the previous period,
to achieve b#sically the same results. That is, after the
initial period of accumulation, the newly computed periodograms:
R, (kf,) are compared with the corresponding B, ., by taking the
inner product:

E = I,B, 4R, (kfp) (14)
vhere ° is the complex conjugate and the summation is over
k;<k<k,. The quantity E, a complex number, is normalized by
using a polynomial approximation of the function 1//x where x
equals [|Re[E]|® + |Im[E}|?] and then it is used to rotate R, (kf,)
before R,(kf,) is added to B, ,, to produce B,,, a new estimate of
B, . | '

In addition to SNR(f), an important source of distortion for
data transmission is non-linear distortion (NLD). NLD causes the
energy in the transmitted frequencf components to be spread over
other frequencies. Although there are standard techniques for
measuring NLD on telephone lines, it is desirable to obtain a
rough estimate of NLD by using the line probing signals. Thus,

to measure NLD, the line probing signal is slightly modifled from

' ' laced
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comuni cati on node for sending |ine probing neasurenment results 5 to
renot e, nodem 4 (step 160). Since the line probing algorithminplenented by
renote nodem4 is the sane as the |ine probing algorithmof nodem 2, the
sequence of events in both nodens 2 and 4 and their-timng is also
basically the sane. Thus, renote nodem 4 sends its tone 10 si gnal ,
generates its probing signal for transm ssion to nodem 2, and enters a
correspondi ng comuni cation node at gout the sane tinmes as these events
occur in nodem 2. As soon as renote nnden14 detects the probing signal on

the one described above. This is done by omitting some
preselected frequency lines. Line probing processors 54 and 58
then measure the strength of the received line probing signals at
these omitted frequencies and average those measurements to
arrive at a rough estimate of NLD. As will be described later,
the estimate of NLD is then taken into account in estimating the
maximum achievable bit rates for tlie modems.

To account for the missing frequencies, line probing
processors 54 and 58 estimate the missing values of SNR(kf,) by
averaging the values of SNR(kf,) corresponding to frequency lines
in the vicinity of the omitted frequency lines. The location of
the omitted frequency lines are selected so that they are common
to all transmission bands available to the modem and lie near the
nid-range of such bands, where SNR(f) is likely to be relatively
uniform. By selecting the omitted frequencies in this manner, |
the error caused by this appfoximation is kept small.

After N observation periods have elapsed and the estimates
of A, and B, have been accumulated for k,<k<k,, processors 54 and
§8 compute SNR(ka)'for the corresponding channels using Egs. 11,
12 and 3, above. The computed SNR(kf,) is then used to determine
for each baud rate the carfier frequency which yields the best
receiver performance. The way this is determined wili'now be
described.

The decoder in each modem operates on a properly equalized
signal, i.e. one which has passed through the receiver's adaptive

filter. Thus, it is generally the SNR at the output of the

Repla aced .
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channel A, processor 58 begins a spectrum analysis of the 15 recei ved
probi ng signal (step 170). First, line probing processor 58 neasures the
channel and noi se spectra and fromthese conputes SNR(f) and then the
decoder SNRs. The el ements of the nodem which performthe spectrum anal ysis
and the decision matrix conputation of step 170 are 20 shown in Fig. 3.
After being converted to a digital signal, the received real -val ued probing
si gnal passes through a frequency offggt conpensator 60 which nultiplies it

by a conpl ex-val ued rotation factor mhlch was derlved fromthe frequency
of f set

adaptive filter, i.e. the decoder SNR, that is nmost relevant to
the performance of the receiver. The decoder SNR is related to
SNR(kf,), and the precise relationship depends upon the type of’
adaptive filter used in the receiver,

In the described embodiment, modems 2 and 4 are equipped
with a trellis precoding equalization system such as the scheme
disclosed'in the U.S. Patent Application entitled "Trellis
Precoding for Modulation Systens, "bylEyuboglu and Forney, filed
on an even date herewith and hereby ihcorporated by reference.
In trellis precoding, each receiver 24 and 46 includes a
fractionally-spaced minimum-mean-squared error linear equalizer
wvhose output is sampled at the baud rate, followed by a linear
prediction filter responsible for whitening the residual error
sequence at the output of the linear equalizer. If {(x ') is the
complex sequence transmitted by the trellis precoder, thén the
received sequence at the output of the prediction filter can
approximately be written in the form

{r'y} = (X"} *{(h')+{w)}, (15)
where {(h' } is a causal (i.e.,113=o,_n<o) overall impulse
response and {w,} is a white error séquence of some variance oZ.
Here, it may be assumed that the filters are scaled such that
h=1. Then, under the assumption thaﬁ.the error signal cah be
modeled as Gaussian and neglecting §ther small effects, it is
known that the performance of the treilis precoder is given by

P, * K Q(d,,/20) } (16)

where K is a constant, Q(a) is the Gaussian tail function giyen

uned
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estimate obtained during the initial tone training described 25 above.
fi.rst buffer 64 tenporarily stores the rotated digital signal for
subsequent processi ng. - 22 - After buffer 64 has received data
corresponding to two periods of the line probing signal, a w ndow ng

al gorithm 66 applies a Hanning w ndow to the two periods of rotated data

18

by

Q(a) = (1/12«)'} exp{~«’/2} dea (17)
and d,, is typically taken as the minimum distance between
allowable channel output sequences. The quantities X and d,,
depend on the trellis code that is used in conjunction with the
trellis precoder. Stated apﬁroximately, d,,, decreases by a
factor of /2 for every increment in L, the number of bits per
baud, assuming that the average power of the precoder output is
kept constant. The sampled decoder SNR may be defined as
d%,,./2¢%. The baud rate or carrier frequency affect the decoder
SNR only through the noise variance o3.

To determine the relationship beﬁween o% and SNR(f), first
note that at the equalizer output, after demodulation, the noise
spectrum is given by

S.(£)=2(£)/IH(£) 1%, |f-fcl<Q/2, (18)
where Q equals the baud rate and it is assumed that the '
transmitted signal has zero excess-bandwidth. (Typically, high-
speed modems use 10-12% excess bandwidth; however, expériments
have shown that' this has only a small effect on performan;e).
Now, the autocorrelation sequence of the noise sequence can be

computed as

g=T [ o(f)/|H(£)|* & 4af, n=1,2,... (19)
i£-2 l<qr2 '

Since the spectra are measured at discrete frequencies kf,, g,

can be approximated as follows:
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stored in buffer 64 to produce a frane of w ndowed data which 5 consi sts
of 2P conpl ex-val ued sanples. These are then stored in a second buffer 68.
Next, FFT algorithm 70 conputes a P-point DFT fromthe stored franme of

wi ndowed data. After each new period of data is received and stored in
first buffer 64, wi ndow ng algorithm 66 uses the stored data, 10 al ong
with the data fromthe preceding period, to conmpute a new franme of w ndowed
data. FFT algorithm 70 then conputesig new p- point DFT using the new frame

of wi ndowed data. In other words, for each period of the received probing
signal, a new P-point DFT L

g, = a = &(kfp)/|H(kEy)|? exp(32xkfan/Q), n=1,2,... (20)
ky(Q, £, )<kek,(Q, 1)

.where a is some normalization factor and k,;(Q,£f.) and k,(Q,f.) are
the frequency indices corresponding to the bandedges assuming the
baud rate Q and carrier frequency £.. Once {(g,} are determined,

. ¢* can be computed using well-known formulas for linear
prediction. For example, if it can be assumed that the noise
sequence is a first-order autoregressive (AR) process as
described by Eyuboglu in "Detection of Severely Distorted
Signals Using Decision Feedback Noise Prediction with
Interleaving” IEEE Trans. on Communications, April, 1988, then,
0 is given by

o = g, = la1%/9 . (21)
Thus, by using Egs. (20) and (21), line probing processors 54 and
58 can determine for each baud rate Q, the carrier frequency
£f.(Q) which yields the smallest noise power o2 (£:(Q)) .

The computation of decoder SNR described above can be
extended to higher order AR models using well known formulas for
the minimum-mean-square error prediction error as described in
Jayant and Noll, "Digital Coding 6f WaQeforms" Prentice~Hall,
1984. '

The description given above assumes that the fractionally-
spaced linear equalizer haé a sufficiently large span to reduce
the effects of phase distortion to a'negligible level. 1In high-
speed modems that is often a reasonablé assumption. 1In

applications where this condition may not be satisfied, the

- al
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IS generated fromthe two nost recent periods of data. Thus, one 15

period of data is used to conpute the DFT for two successive periods. The
P-point DFT's from FFT algorithm 70 are passed to a frequency offset

nonitor 72, which first estimates and then reduces any uncancell ed
frequency offset which may be present. 20 O fset nonitor 72 estinmates

t he anobunt of uncancell ed frequency offset by conparing each conputed DFT
agai nst a reference 74 which corresponds to accurnul ated DFT's from previous
observation periods. Ofset nonitor 72 20hen rotates the elenents of the DFT

effect of phase distortion has to be taken into account.
Furthermore, if the assumptioﬁ of a first-order AR model does not
hold, then the residual noise séquence may be correlated and its
effect on performance may have to be taken-into consideration.

Having described the nature of the computations performed by
processors 54 and 58, the steps of the measurement algorithm,
shown in Fig. 2, will now be described in more detail. Local
modem 2 starts the line probing process by transmitting a line
probing tone signal at some fixed frequency for a fixed number of
bauds (designated in Fig. 2 as S) over channel A (step 110) while
at the same time, remote modem 4 monitors channel A to detect the
tone signal (step 120).

After detecting the line probing tone, remote modem 4
initiates a period of tone training (step 130). During this
period, it uses a phase-locked loop (PLL) to learn the frequency
offset in the incoming tone and at the same time it adjusts its
AGC setting to achieve a desired signal level prior to A/D
conversion. After a fixed amount of time, the receiver freezes
boﬁh its AGC setting and its PLL and then switches to a
transition detection state to detect the.arrival of the wideband
line probing signal transmitted from the local modem 2 (step
140).

In the meantime, the transmitter in modem 2 continues to
transmit its tone for at lea;t S bauds and until it receives a
replf.tone from remote modem 4. Then, processor 54 causes

probing signal generator 52 to generate the above-described
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by an anount that corresponds to the estimated uncancelled 25 frequency
of fset, for that DFT, thereby generating the rotated DFT, [err]. 23 -
Next, an accunul ator 76 receives these rotated DFT's and uses themto
generate the quantities [err] and [err] as follows. Initially, accunul ator
76 sets both [err] and [err] to zero:. During '

21

special probing signal and transmits it to remote modem 4 for at
least N periods (step 150). After receiving N periods of the
-'problng signal from remote moden 4, moden 2 switches to a
communication mode.for sending line probing measurement results
to remote modem 4 (step 160).
Since the line probing algorithm implemented by remote modem
- .4 is the same as the line probing algorithm of modenm 2, the
.isequence of events ;n both modems 2 and 4 and their timing is
also basically ﬁhe same. Thus, remote modem 4 sends its tone
signal, generates its probing signal for transmission to modem 2,
and enters a corresponding communication mode at about the same
times as these events occur in modem 2.

As-soon as remote modem 4 detects the probing signal on
channel A, processor 58 begins a spectrum analysis of the
received probing signal (step 170). First, line probing
processor 58 measures the channel and noise spectra and from
these computes SNR({f) and then the decoder SNRs.

The elements of the modem which perform the spectrum
‘analysis and the decision matrix computetion of step 170 are
‘shown in Fig. 3. Afrer being converted to a digital signal, the
received real-valued probing signal passes through a frequency
offset compensator 60 which multiplies it by a complex-valued
rotation factor which was derived from the frequency offset
estimate obtained during the initial tone training described
above. A first buffer 64 temporarily stores the rotated digital

'signal for subsequent processing.
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the [err] period, when [err] has been conpiled, for each k in the 5

range [err], accumul ator 76 conputes the squared magnitude of [err] and
adds the result to the stored value for [err] to generate [err].

Accunul ator 76 also divides the [err] by [err] and adds this result to the
stored value for [err] to generate [err] [err] and [err] are accumul ated
in this manner for N observation 10 periods. (Note that [err] are real
nunbers, whereas [err]"s are conpl exagunbers.) The [err] generated during-
each observatlon period are stored in storage elenment 78 for use as a
reference signal 76

After buffer 64-has received data corresponding to two
periods of the line probing éignal, a windowing algorithm 66

' applies a Hanning yindow to the two periods of rotated data
stored in buffer 64 to produce a frame of windowed data which
~consists of 2P complex-valued samples. These are then stored in
a second buffer 68. Next, FFf algorithm 70 computes a P-point
:DFT from the stored frame of windowed data.

After each new ﬁeriod of data is received and stored in
first buffer 64, windowing algorithm 66 usés the stored data,
along with the data from the preceding periocd, to compute a new
frame of windowed data. FFT algorithm 70 then computes a new P-
point DFT using the new frame of windowed data. In other words,
for each period of the received probing signal, a new P-point DFT
is generated from the two most recent periods of data. Thus, one
period of data is used to compute the DFT for two successive '
periods.

The P-point DFT's from FFT algorithm 70 are passed to a
‘frequency offset monitor 72, which first estimates and then

- reduces any uncancelled frequency offset'which may be present.

" Offset monitor 72 estimates the amount of uncancelled frequency
offset by cbmparing each-computed DFT'against a reference 74
which corresponds to accumulated DFT's from previous observation
periods. Offset monitor 72 then rotates the elements of the DFT
by an amount that corresponds to the estimated uncancelled
frequency offset for that DFT, thereby generating the rotéted
DFT, R;'(Kfa).
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during the next observation period. That is, for the [err] 15

opservation period, reference signal 76 is equal to [err] conputed during
t he previous observation period. Ofset nonitor 72 uses reference signal

76

to compute Eq. 14 described earlier. That is, offset nonitor 72 cal cul ates
the conplex conjugate of the current P-point DFT from FFT al gorithm 70,

i.e. [err],

The i nner product

and then 20 conputes the. inner product of [err] and [err].
is then-normalized23o arrive at an estimte of.the phase

offset. It should be noted that by using this approach, the nodem can
conpensate for any residual frequency offset as well as

Next, an acéumulator 76 receives these rotated DFT's and

uses them to generate the quantities A, and B, as follows.

Initially, accumulator 76 sets both Aklo'-and B, o to zero. During

the i** period, when R,'(kf;) has been compiled, for each k in the

range k,<k<k,, accumulator 76 computes the squared magnitude of

'R" (kf,) and adds the result to the stored value for A, .., to
generate A, ;. Accumulator 76 also divides the R, ' (kf,) by JN and

adds this result to the stored value for Bh,4 to generate B, ;.
A, , and By ; are accumulated in this manner for N observation
periods. (Note that A, ;'s are real numbers, whereas B, ,'s are
complex numbers.)

The B, ,'s generated during each observation periocd are
stored in storage element 78 for use as a reference signal 76
during the next observation period. That is, for the i*
observation period, reference signal 76 is equal to B, ., computeé
during the previoﬁs observation period. Offset monitor 72 uses
reference signal 76 to compute Eq. 14-déscribed earlier. _That
is, offset monitor 72 calculates the complex conjugate .of the
current P—péint DFT from FFT algorithm 70, i.e. R,"(kf,), and then
computes the inner product of B, ,, and R,"(kf)). The inner
product is then normalized to arrive at an estimate of the phase
offset., It should be noted that by usihg this approach, the
modem can compensate for any residual frequency offset as well as
track small amounts of low frequency phase jitter.

Since preselected frequencies were émitted from the line

probing signal, the values of B, at the locations of the omitted
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track small anmounts of | ow frequency phase jitter. 25 Si nce
preselected frequencies were omtted fromthe |ine probing signal, the
values of [err] at the locations of the omtted -24- frequencies provide
a neasure of the non-linear distortion associated with the channel. Thus,
after [err] has been determ ned for N observation periods, a distortion
nonitor 80 estimates the ' '

24

frequencies provide a measure of the non-linear distortion
associated with the channel. Thus, after B, , has been determined
' for N observation perieds, a distortion monitor 80 estimates the
non-linear distortion bx squaring the amplitudes of B, 4's
corresponding to omitted-frequencies and computing the average of
the resulting squared amplitudes. The average is then supplied
by monitor 80 as a non-linear distortion indicator 82.
| Using the 3, ,'s and B, ,'s from accumulator 76, an estimator
84 then estimates the noise spectrum, &(kf,), and the channel
spectrum, |H(k£,)|?, for all frequencies used in the probing
signal. Estimator 84 accomplishes this by first computing |B, ,|?
and then using Egs. 11 and 12, described above. Using the
estimates for the noise spectrum and the channel spectrum,
estimator 84 then .computes SNRkka) in accordance with Eq. 3,
described above. For the omitted frequency lines, estimator 84
approximates their SNR value by averaging the values of SNR(kf,)
over frequency lines in their vicinity.

Transform logic 86 receives the resulting values for
.éNR(ka) from estimator 84 and computes-#he inverse DFT specified
by Eq. 20, above. The output of transforg'logic'84 is the noise
autocorrelation function described earlier. Finally, a decoder
SNR module 88 calculates the decoder SNﬁffrom the output of
transform logic 86 according to Eq. 21.

Using the approach just described and also as part of step
170 shown in Fig. 2, remote modem 4 then makes a number of local

decisions. Such local decisions help reduce the amount of
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non-linear distortion by squaring the anplitudes of [err] 5

corresponding to omtted frequencies and conputing the average of the

resul ting squared anplitudes. The average is then supplied by nonitor 80 as
a non-linear distortion indicator 82. Using the [err] and [err] from
accunul ator 76, an estimator 84 then estimtes the noise spectrum [err]
and the channel 10 spectrum [err] for all frequencies used in the
probi ng signal. Estimtor 84 acconpli2s8hes this by first conputing [err] and
then using Egqs. 11 and 12, described above. Using the estimates for the

noi se spectrum and the channel spectrum :

information that needs to be exchanged wifh local modem 2. (Note
that the local decision procedures to be described are the sanre
for both modems 2 and 4.) In particular and in accordance with
the approach described earlier, remote modem 4 uses SNR(Xf;) to
compute the decoder SNR's for each baud-;ate/carrier-frequency
combination available to it and then selects the best carrier
frequency for each of the available baud rates.

The computed decoder SNR's, the non-linear dlstortion
indicator, the signal power level of the received signal, as
reflected by the AGC setting, and a user specified error
performance regquirement are then used to determine for each
available baud-rate Q, (using the begt-carrier-frequency) and the
maximum number of bits per baud I,(Q,) that remote modem 4 can
receive at without violating the performance requirement. To
determine I,(Q,), modem 4 uses a precomputed conversion table
which is indexed on the basis of thé above-identified
information.

Basically, the conversion table depends upon the modenm's
modulation scheme, the coding gain of the coding scheme used, the

_way_those schemes are implemented, and the error performance
requirements. If trellis precoding is employed, the relationship
between performance and decoder SNR is approximately described by
Eg. 16 above. Nonlinear distortion and receive power level,
however, modify that relatiénship somewhat. The actual entries
in the conversion table can be derived, in part, from empirical

observations and experiments in which the relationship between
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estimator 84 then conputes [err] in accordance with Eq. 3, 15 descri bed
above. - For the omtted frequency lines, estimtor 84 approximates their
SNR val ue by averaging the values of [err] over frequency lines in their
vicinity. Transformlogic 86 receives the resulting values for [err] from
estimator 84 and conputes the inverse DFT specified 20 by Eq. 20, above.
The output of transformlogic 84 is the noise autocorrelation function
described earlier. Finally, a decoder2¢sNR nodul e 88 cal cul ates the decoder
SNR fromthe output of transformlogic 86 according to Eq. 21

performance and the decoder SNR, NLD, and receive power level is
measured for the particular type of modem being used.

After L,(Q,) is obtained for all.baud rates, renote moden 4
can calculate, for each of the available baud rates Q,, the
maximum bit rate R,{Q,) it can receive from local modem 2
according to the following relation:

R, (Q;) = QxLy(Q,)

When the spectrum analysis is complete, line probing
processor 58 stores the results in a decision matrix. Upon
completing the entries to the decision matrix, processor 58
indicates that its matrix is ready (step 180) and remote modenm 4
transmits the information contained in its matrix to local modenm
2 over channel B (step 190).

In each modem, the user or the network system may specify a
maximum receive bit rate, R,, and a minimum receive bit rate,
R... This user-specified operating range is taken into account
when the modem determines the decision matrix entries. Thus, if
the selected bit rate for a particular baud rate is greater than
Rus then modem 2 sets it to R,,,. Whereas, if the selected bit
rate for a particular baud rate is less than R,,, then modem 2
sets it to R, and also sets a flag associated with that baud
rate to indicate that the performance requirement cannot be met
at that baud rate. Note that a user can force a desired bit rate
by setting R, =R ,=desired rate.

The user also has the option to disable some (but not all)

of the available baud rates. For example, the user may wish to

- eplacement sheat
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Usi ng the approach just described and also as part of step 25 170 shown

in Fig. 2, renote nodem 4 then makes a nunber of |ocal decisions. Such

| ocal decisions help reduce the anount of -25- information that needs to
be exchanged with | ocal nbodem 2. (Note that the | ocal decision procedures

to be described are the sane for both nodens 2 and 4.) In particular and in
accordance with :

27

operate at a specific baud rate. A second flag corresponding to
each of the available baud rates is seﬁ to indicate whether that
baud rate is disabled.

Of course, other constraints, besidés those nmentioned above,
may also limit the communication options available to modems 2
and 4. For example, a user may require symmetric baud rates or
symmetric bit rates in both transmission directions. Such
additional constraints are stored in the decision matrix of the
corresponding modem and are sent to the.other modem along with
other relevant information.

Specifically, during step 190, the following information is
sent from the remote modem 4 to local modem 2:

a) the maximum bit rate at which the remote modem can
receive for each of the available baud rates;

b) the best carrier frequency to be used for each of the
available baud rates;

c) a flag for each of the available baud rates indicating
whether the performance requirement can be met;

d) a flag for each of the available baud rates, indicating
whether that baud rate is disabled in the remote modem;

e) a flag.to indicate whethéf symmetric bit rates are
required for both directions of transmission; and

f) a flag to indicate whether symmetric baud rates are
required for both directions of transmiééion.

Naturally, some_synchronization bits to indicate to
beginning of the data and parity bits.for error checking may also
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t he approach described earlier, renote nodem4 uses [err] to 5 conput e

t he decoder SNR s for each baud-rate/carrier-frequency conbi nation
available to it and then selects the best carrier frequency for each of the
avai | abl e baud rates. The conputed decoder SNR s, the non-linear distortion
i ndi cator, the signal power |evel of the received signal, as 10

reflected by the AGC setting, and a user specified error perfornmance

requi renent are then used to determ pg for each avail abl e baud-rate [err]
(using the best-carrier-frequency) and the nmaxi mum nunber of bits per baud
[err]” that renpte nodem 4 can

be transmitted during this information exchange phase.

Since the decision matrix information is short, it can be
transmitted quickly and ieliably by using a simple, low-speed,
robust modulation scheme which does not require a long training
procedure. In this embodiment, this is achieved by using
Differential-Phase~Shift-Keying (DPSK) at 300 bps. Other
reliable modulation schemes such as low-speed Frequency-Shift-
Keying (FSK) may also be employed.

Processor 54 monitors channel B for the presence of a DPSK
signal carrying the decision matrix for channel A from remote
modem 4 (step 260). When the DPSK signal is detected on channel
B, processor 54 activates a DPSK receiver in modem 2 that
includes a timing recovery circuit to provide correct sampling
phase and then processor 54 decodes the decision matrix from the
DPSK signal (step 210).

The DPSK receiver first looks for a syﬁchronization pattern
from the received bit stream. Once the pattern is detected, the
receiver decodes the subsequent bits carrying the decision
matrix. At the same time, ﬁhe re?eiver also computes a parity
check. At the end of DPSK transmission, this parity is compared
with the one received from the remote modem. If they do not
‘agree, a DPSK transmission error is flagged.

After modems 2 and 4 have exchanged their decision matrix -
information in this manner,;they have complete information about
channels A and B, including the operational constraints. Modem 2

then executes a final decision algorithm to sg;en*“the carrier
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receive at without violating the performance requirenment. To 15

determne [err] nobdem 4 uses a preconputed conversion table which is

i ndexed on the basis of the above-identified information. Basically, the
conversi on tabl e depends upon the nodem s nodul ati on schene, the coding
gain of the coding schene used, the 20 way those schenes are

i npl enented, and the error performance requirenents. If trellis preceding
i's enployed, the relationship betweemgerformance and decoder SNR is
approxi mately described by Eq. 16 above. Nonlinear distortion and receive
power |evel, '

frequenéies, baud rates and bit rates to be used for
conmunication over channels A and B (step 220). Since both
modems 2 and 4 have the same information, they make the same
selections and a further exchange of final decisions is not
required.

The final Qecision algorithm first checks if any one of the
modems required symmetric bit rates, or symmetric baud rates. If
one of modems requested a symmetric baud rate or a symmetric bit
rate, the request is enforced on both modems.

More specifically, if symmetric baud rates are required, the
decision algorithm checks whether there are allowable baud rates
common to both modenms (i.e., baud rates which both satisfy the
performance requirements and are allowed). If such baud rates
exiét, modems select the baud rate that maximizes the smaller of
the two bit rates. When there are no allowable baud rates common
to both modems, the decision algorithm includes baud rates that
do not satisfy the performance regquirement to find a common baud
rate. A péssible criterion for determining the reasonable baud
rate may be to use a baud rate whose carrier frequency is closest
to the center of the frequency band. Since both modems use the
same criterion to choose this baud raté, they should both reach
the same conclusion and no confusion.will occur.

On the other hand, if symmetric baud rates are not required,
the decision algorithm chooses from all of local modem's allowed -
baud rates the receiver baud rate that maximizes local modenm's

receiver bit rate and it chooses from all of remote moden's

This is the replacement sheet
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however, nodify that relationship somewhat. The actual entries 25 in the
conversion table can be derived, in part, fromenpirical observations and
experiments in which the relationship between -.- 26 - perfornmance and.the
decoder SNR, NLD, and receive power level is nmeasured for the particul ar

type of nodem being used. After [err] is obtained for all baud rates,
renot e nodem 4 :

--30

allowed baud rates the transmitter baud rate that maximizes
remote modem's receiver bit rate.

After the transmitter and the receiver baud rates for the
two modems are finaliZed, the-best.darrier frequencies associated
with these baud rates are used as the transmitter and receiver
carrier frequencies. Unless a symmetric bit rate is required,
the maximum bit rate for each of those baud rates is used as the
transmission bit rate for the corresponding modem. If a
symmetric bit rate is required, the lower of the two bit rates
(i.e. the bit rate for the local modenm receiver and the bit rate
for the remote modem receiver) is used as the common bit rate.

The main outputs of the line prébing processor are the
transmitter and receiver baud rates, Q, and Q,, the transnitter
and receiver carrier frequencies, £, and £, the transmitter and
receiver bit rates, R, and R,, as well as an error code, which
may indicate some unexpeéted error during the line probing
process (such as failure in detecting the line probing signal,
failure in synchronization, DPSK transmission error, etc.).

After the line probing is completed, modems go through a
training at the selected baud rate and carrier frequencies and
subsequently begin exchanging actual data at the selected rates.

Although the described embodiment ﬁsed a four-wire type
modem, it should be understood that this invention could also be
carried out using a two—wiré type modem. ' During full-duplex
communication using a two-wire type moden, the ‘received signals

may, of course, include echo. For purposes of conducting the
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can cal cul ate, for each of the avail able baud rates [err], the 5 Maxi mum
bit rate [err] it can receive fromlocal npdem 2 according to the follow ng
relation: [err] Wen the spectrumanalysis is conplete, |ine probing _
processor 58 stores the results in a decision matrix. Upon 10 conpl eting
the entries to the decision matrix, processor 58 indicates that its matrix
Is ready (step 180) and renote nnden14 transnmts the information contained
inits matrix to local nodem 2 over ghannel B (step 190).

line probing measurements, it is desirable to avoid echoes in the
received signal and this can easily be accomplished by having the
modems conduct the line probing_meésurements sequentially rather
than concurrently, as in the above-described embodiment.

Other embodiments may include the following features. The
selection of the number of bits per baud may be based on the
measurement of impairments in addition to or other than NLD and
receive level. Also, in certain applications, no operational
constraints may be necessary, in which case, the information
exchange between the local modem and the remote device may be
simplified. For example, each modem could immediately select its
respective bit rate and the transmission band based upon its
channel measurement and then exchange its final decision with the
other modem. In addition, other exchange protocols may be used.
Further, the selection of the transmission band may be based only
on the measured frequency response of the channel and may'not
require measurement of the noise spectrum. Also, baseband data
transmission may be employed instead of.the passband transmission
used in the described enmbodiment.

Other embodiments are within the following claims.

What is claimed is:

e
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In each nodem the user or the network systemmay s
receive bit rate, [err] and a mninumreceive bit r
user-specified operating range is taken into accoun

pecify a 15 maxi mum
ate, [err], This
t when the nodem

determ nes the decision matrix entri es.

[err]. Whereas, if the selected bit 20
is less than [err],

Thus,
a particular baud rate is greater than [err],

if the selected hit- rate for

associated with that baud rate to indicate that the

cannot be net at that baud rate.

Note t hat a user

t hen_nodem2 sets it
rate for gml“awg rate
t hen nodem 2 setgpit to [err] ar\mﬁw
nan®

e ?eqU|renent
can force a desired bit

rate

1.

Claims

A modem for receiving data sent from a remote device over a

communication channel by using a single carrier modulated signal,

the modem comprising:

2.

a receiver for receiving the modulated éignal and for
receiving a line probing signal sent by the remote device
over the channel, the receiver being capable of':eceiving
the modulated signal over any one .of a plurality of
frequency bands;

a line probing processor for measuring characteristics of
the channel based upon the received line probing signal; and
a selector for selecting one of the plurality of frequency
bands, said selection being based upon the measured
characteristics of the channel, said selected frequency band
to be used for receiving the modulated signal from the

remote device.

The modem of claim 1 wherein the line probing processor

comprises:

a.

a spectrum analyzer for generating discrete épectral
representations of the received line probing signal; and

a module for estimating a frequehcy response for the channel
based upon the discrete spectral representations of the
received line probing signal, the_frequency response being

estimated at more than one frequency.

‘dcemem S'“
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by setting [err] desired rate. 25 The user also has the option to
di sabl e sone (but not all) of the avail able baud rates. For exanple, the
user nmay Wi sh to - 27 - operate at a specific baud rate. A second flag
corresponding to each of the available baud rates is set to indicate

whet her that baud rate is disabl ed.

33

3. The modem of claim 1 wherein the line probing processor

comprises:

a. a spectrum analyzer for generating.discrete spectral
representations of the received line probing signal; and

b. a module for estimating a power spectral density of channel
noise based upon the discrete spectral representations of

the received line probing signal.

4, The modem of claims 1, 2, or 3 wherein the modulated signal
is a linearly modulated signal and wherein each one of said
plurality of frequency bands is characterized by a corresponding

baud rate and carrier frequency.

5. The modem of claim 4 wherein the carrier frequency of one or

more of said plurality of frequency bands is equal to zero.

6. The modem of claim 4 wherein the linearly modulated signal

is a quadrature amplitude modulated signai.

7. The modem of claim 1 wherein the measured characteristics

include a frequency response of the channel.

8. The modem of claim 1 wherein the receiver inciudes an
adaptive filter for providing a desired overall impulse response
to a decoder and wherein at least some of the measured

characteristics take into account the adapfive filter.

°a?°-' !6 SEP 199799' m\\ii \“ Krd



O course, other constraints, besides those nentioned above,

5

may al so

linmit the communication options available to nodens 2 and 4. For exanple, a

user nmay require symetric baud rates or symretric bit rates

in

bot h

transm ssion directions. Such additional constraints are stored in the
decision matri x of the correspondi ng nodem and are_sent_-t.o the-other nodem
along wth 10 ot her relevant information. Specifical Ii“, dur‘#

g step 190,

the followng information is sent frggpthe re “ﬂ
a) the maximum bit rate at which the renote m)nggm cmn

9. The modem of claim 8 wherein the adaptive filter is used in

conjunction with trellis precoding.

10. The modem of claim 1 wherein the measured characteristics
further include a signal-to-noise ratio of the channel measured

at more than one freguency.

11. The modem of claim 1 wherein the line probing signal is a

substantially periodic signal.

12. The modem of claim 11 wherein the line probing signal is of
the form:
x(t) = A Z,cos(2xkfpt + 4,),
where x(t) reprgsents the line probing signal;
t is a time variable;
A is a constant;
f, is a frequency resolution;
6, is a phase angle;
k is a frequency interval index which belongs to a
subset of the integers ranging from X, through X,;
X, specifies the lowest frequency index included in the
line probing signal; and.
k, specifies the highest frequency index included in

the line probing signal.

5 0\7‘“6“‘ T

This Sheet 4 Been Re laced

BT[]

‘H‘!“l‘* al  nodem 2:



receive for each of the avail able baud rates; 15 b) the best
carrier frequency to be used for each of the available baud rates; c) a
flag for each of the avail abl e baud rates indicating whether the

per f ormance requirement can be net; d) a flag for each of the available

baud rates, indicating 20 whet her t hat baud raﬂmmsmn t he
renote nodem e) a flag to indicate whether syme u", mj
required for both directions of trangn ssion; and Q flafg te I ndicate
whet her symmetric baud rates are

13. The modem of claim 12 wherein the phase angles 4, of the
line probing signal are selected to achieve a small peak-to-

average ratio of the line probing signal.

14. The modem of claim 12 ﬁherein the phase angles 4, of the

line probing signal are equal to:
x = w(k=K)?/ (k=k,)

15. The moderm of claim 3 wherein the module performs weighted
periodogram averaging to estimate the power spectral density of
channel noise based upon the discrete spectral representations of

the received line probing signal.

16. The modem of claim 15 wherein the module also estimates a
power spectrum of the channel response based upon the discrete
spectral representations of the received line probing signal and
then computes a signal-to-noise ratio corresponding to the
channel based upon both the power spectral density of channel

noise and the power spectrum of the channel response.

17. The modem of claim 16 wherein the power spectrum of the
channel response and the power spectrai density of channel noise
are estimated concurrently from the same received line probing

signal.

18. The modem of claim 16 wherein the receiver further comprises
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required for both directions of transm ssion. 25 Naturally, sonme
synchreni zation bits to indicate to beginning of the data and parity bits
for error checking nmay also This is the replacenent sheet Date; - 28 -
be transmitted during this information exchange phase '
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an adaptive filter for providing a desired overall impulse
response to a decoder and the signal-to-noise ratio is determined

relative to the output of the adaptive filter.

19. The modem of claim 18 wherein the adaptive filter is used in

conjuction with trellis precoding.

20. The modem of claim 1 further comprising a transmitter.for
transmitting information based upon the measured characteristics
to the remote device so that the remote device may identify one
of said plurality of frequency bands based upon said transmitted
information and then communicate said identified band to the
receiver and wherein the selector selects the identified band as

said selected band.

21. The modem of claim 3 wherein received line probing signal
may include an impairment (e.g. frequency offset and/or low
frequency phase jitter) and wherein the line probing proéessor
further comprises an offset monitor for reducing effects of said
impairment on the discrete representation of the regeived signal
prior its being used to determine the power spectral density of

channel noise.

22. The modem of claim 21 wherein the line probing signal is
substantially periodic and the discrete spectral representations

are generated for each period of the received line probing signal



Since the decision matrix information is short, it can be transmtted

qui cklly and reliably by using a sinple, |ow speed, robust nodul ati on schene
whi ch does not require a long training 5 procedure. In this enbodi nent,
this is achieved by using Differential-Phase-Shift-Keying (DPSK) at 300
bps. O her reliable nodul ati on schenes such as—tow speed Frequency Shift-

Keying (FSK) may al so be enpl oyed. Processor 54 ““ﬂr&ﬂ\cB for the
presence of a DPSK 10 si gnal carry'b?g t he dec E““\ ‘“ hannel A
fromrenote nodem 4 (step 200). When"the DPSK si'Ghal 185 det etted on channel

and wherein the offset monitor reduces the effects of said
impairment by first estimating said impairment and by then
rotating the discrete representation corresponding to a current
period of the received line probing signal by an amount

determined by the estimate of said impairment.

23. The modem of claim 22 wherein the offset monitor estimates
said impairment by comparing the discrete spectral representation
corresponding to the current period of the received line probing
signal to a reference signal derived from the discrete spectral
representations corresponding to at least one previous period of

the received line probing signal.

24. The modem of claim 2 or 3 wherein the discrete spectral
representations of the received line probing signal are M-point

Discrete Fourier Transforms.

25. The modem of claim 1 wherein the receiver is also capable of
receiving the modulated signal at any one of a plurality of bit
rates and wherein the modem further comprises logic for selecting
one of the plurality of different bit réfes based upon the
measured characteristics of the receiver channel, said selected
bit rate to be used for receiving the modulated signal from the

remote device.

26. The modem of claim 25 wherein the line probing processor
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B, processor 54 activates a DPSK receiver in nmodem 2 that includes a tinmng
recovery circuit to provide correct sanpling phase and then processor 54
decodes the decision matrix fromthe 15 DPSK signal (step 210). The DPSK
receiver first |Iooks for a synchronization pattern fromthe received bit
stream- Once the pattern is detected, the receiver decodes the subsequent
bits carrying the decision matrix. At the sane tine, the receiver also
conputes a parity 20 check. At theiﬁpd of DPSX transm ssion,—this parity

is conpared with the one received fromthe renote-rodem If they \(‘io not

Ll

comprises:

a. a spectrum analyzer for generating discrete spectral
representations of the received line probing signal; and

b. a module for computing a nonlinear distortion indicater
based upon the discrete spectral representations of the

received line probing signal.

27. The modem of claim 25 wherein the receiver comprises a
monitor circuit for measuring a power level of the received line
probing signal and wherein the measured characteristics includes

a quantity derived from the received power level.

28. A modem for transmitting data to a remote device over a
communication channel by using a single carrier modulated signal,
the modem comprising: '
a. a signal generator for generating a line probing signal;

b. a transmitter for transmitting the modulated signal and for
transmitting the line probing signal to the remote aevice
over the channel, the transmitter being capable of
transmitting the modulated signal over any one of a
plurality of frequency bands;

c. a receiver for receiving characteristics of the channel from
the remote device, the characteristics being derived by the
remote device from the transmitted line probing signal; and

4. a selector for selecting one of the plurality of frequency

bands, said selection being based upon the measured channel
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agree, a DPSK transm ssion error is flagged. After nodens 2 and 4 have
exchanged their decision matrix information in this manner, they have

conpl ete informati on about 25 channel s A and B, including the operational
constraints. Mdem 2 then executes a final decision algorithmto sel ect
the carrier - 29 frequencies, baud rates and bit rates _to—be used for

characterisﬁics, the selected frequency band to be used for

transmitting the modulated signal to the remote device.

29. The modem of claim 28 wherein the mcdulated signal is a
linearly modulated signal and wherein each one of said plurality
of frequency bands is characterized by a corresponding baud rate

and carrier frequency.

30. The modem of claim 29 wherein the linearly modulated signal

is a quadrature amplitude modulated signal.

31. The modem of claim 28 wherein the measured characteristics

include a frequency response of the channel.

32. The modem of claim 28 wherein the measured characteristics
further include a signal-to-noise ratio of the channel measured

at more than one frequency.

33. The modem of claim 28 wherein the line probing signal is a

substantially periodic signal.

34. The modem of claim 33 wherein the line probing signal is of

the form:
x(t) = B Z,cos(2xkfpt + 4,),
vwhere x(t) represents the line probing signal;

t is a time variable:;
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comuni cati on over channels A and B (step 220). Since both nodens 2 and 4
have the sane information, they nmake the sanme sel ections and a further
exchange of final decisions is not 5 - required. The final decision
algorithmfirst checks if any one of the nodens required symetric bit
rates, or symetric baud rates. If one of nodens requested a symmetric baud
rate or a symmetric bit rate, the request is enferced ©on both nmodens. 10

More specifically, if synmetric baud,sates are req i on
al gorithm checks whether there are afl owabl e baud\mgg‘\\“‘\ﬁmﬁﬂ! .
. . : i S .

A is a constant;

f, is a frequency resolution:

8, is a phase angle{

k is a frequency interval index which belongs to a
subset of the integers ranging from k, through k;:

k, specifies the lowest frequéncy index included in the
line probing signal; and

k, specifies the highest frequency index included in
the line probing signal.

35. The modem of claim 34 wherein the phase angles ¢, of the
line probing signal are selected to achieve a small peak-to-

average ratio for the line probing signal.

36. The modem of claim 34 wherein the phase angles 4, of the
line probing signal are equal to:

by = = (k-k;)%/ (k,~k,)

37. A modem for receiving data sent ffom a remote device over a
communication channel by using a single carrier modulated signal,
the modem comprising:

a. a receiver for receiving the modulated signal and for
receiving a line probing signal sent by the remote device
over the channel, thelreceiver beiﬁg capable of receiving
the modulated signal at any one of a plurality of bit rates:

b. a line probing processor for measﬁring characteristics of

ﬁii\\ie\i\‘ﬁ\‘\\ °\K\§\e\\\m§\e S
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common to both nodens (i.e., baud'rates which both satisfy the perfornmance
requi renments and are allowed). |If such baud rates exist, nobdens sel ect the
baud rate that maxim zes the smaller of 15 the two bit rates. Wen there
are no allowabl e baud rates conmon to both nodens, the decision algorithm

a common baud rate. A possible criterion for deLern1n|ng the reasonable
baud rate may be to use a baud rate se carrier ‘“mmosest 20
to the center of the frequency band. i nce both E@W&ﬂ
criterion to choose this baud rate, they should
the channel based upon the received line probing signal; and
c. a selector for selecting one of the plurality of bit rates,
said selection being based upon the measured characteristics

of the receiver channel, the selected bit rate to be used

for receiving the modulated signal from the remote device.

38. The modem of claim 37 vherein the line probing processor

comprises: .

a. a spectrum analyzer for generating discrete spectral
representations of the received line probing signal; and

b. a module for estimating a frequency response for the channel
based upon the discrete spectral representations of the
received line probing signal, the frequency response being

estimated at more than one frequency.

39. The modem of claims 37 wherein the line probing processor

comprises:

a. a spectrum. analyzer for generating discrete spectral
representations of fhe received line probing signal; and

b. a module for estimating a power spectral density of channel
noise based upon the discrete spectral representations of

the received line probing signal.

40. The modem of claims 37, 38, or 39 wherein the modulated

signal is a linearly modulated signal.

e ot Jnodk
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the sane conclusion and no confusion will occur. On the other hand, if
symetsi c baud rates are not required, the decision algorithmchooses from

aII_of | ocal nodenis all owed 25 baud rates the receiver baud rate that

maxi m zes | ocal nodem's receiver bit rate and it chooses fromall of renote

nodem s -30- allowed baud rates the transmtter baud rate that nmaxim zes
42

41. The modem of claim 40 wherein the linearly modulated signal

is a quadrature amplitude modulated signal.

42. The modem of claim 40 wherein the measured characteristics

include a frequency response of the channel.

43. The modem of claim 37 wherein the measured characteristics
include a signal-to-noise ratio of the channel measured at more

than one frequency.

44. The modem of claim 37 wherein the line probing signal is a

substantially periodic signal.

45. The modem of claim 44 wherein the line probing signal is of
the form: .
x(t) = A T,cos(2xkfpt + 6,),
where x(t) represents the line probing signal;
t is a time variable;
A is a constant:;
f, is a frequency resolution;
4, is a phase angle;
X is a frequency interval index which belongs to a
subset of the integers ranging from k, through X,;
k, specifies the lowest frequency index included in the
line probing signal; and

k, specifies the highest frequency index included in
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renote nodemls receiver bit rate. After the transmtter and the receiver
baud rates for the two nodens are finalized, the best carrier frequencies
associated 5 wth these baud rates are used as the transmtter and
receiver carrier frequencies. Unless a symmetric bit rate is required, the
maxi mum bit rate for each of those baud rates is used as the transm ssion
bit rate for the corresponding nodem |If a symmetric bit rate is required,
the lower of the two bit rates 10 i.e. the bit rate for the | ocal nodem
receiver and the bit rate for the rermdte nodem receiver) -i-s-tused™as the

B T

the line probing signal.

46. The modem of claim 45 wherein the phase angles ¢, of the
line probing signal are selected to achieve a small peak-to-

average ratio for the line probing signal.

47. The modem of claim 45 wherein the phase angles 4, of the
line probing signal are equal to:
8y = =(k-k;) 2/ (X,~k,)

48. The modem of claim 39 wherein the module performs weighted
periodogram averaging to estimate the power spectral density of
channel noise from the discrete spectral representations of the

received line probing signal.

49. The modem of claim 48.wherein the module also estimates a
power spectrum of the channel response based upon the discrete
spectral representations of the received_line probing sigﬁal and
then computes a signal-to-noise ratio corresponding to the
channel based upon both the power spectrél density of channel

noise and the power spectrum of the channel response.

50. The modem of claim 48 wherein the power spectrum and the
spectral power density of channel noise are estimated

concurrently from the same received line probing signal.
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The main outputs of the line probing processor are the transmtter and
receiver baud rates, [err] and [err], the transmtter and receiver carrier
frequencies, [err] and [err], the transmtter and 15 receiver bit rates,
[err] and [err], as well as an error code, ~which may indicate sone
unexpected error during the |ine probing process (such as failure_in
detecting the line probing signal, failure in synchronization, DPSK

transm ssion error, etc.). After the J,ine probin denms go
t hrough a 20 training at the sel ect4éld baud rat glmmlmﬂglmfmlmguenm es
and subsequentl|ly begi n exchangi ng actual data at thecséledted rat es.

51. The modem of claim 37 wherein the receiver further comprises
an adaptive filter for providing a desired overall impulse
response to a decoder and wherein at least some of the measured

characteristics take into account the adaptive filter.

52. The modem of claim 51 wherein the adaptive filter is used in

conjuction with trellis precoding.

53. The modem of claim 37 further~comprisipg a transmitter for
transmitting inférmation based upon the measured characteristics
to the remote device so. that the remote device may identify one
of said plurality of bit rates based upon said information and
then communicate said identified bit rate to the receiver and
wherein the selector selects the identified bit rate as said

selected bit rate.

S4. The modem of claim 39 wherein received line probing signal
may include an impairment (e.g. frequency offset and/or low
frequency phase jitter) and wherein the line ﬁrobing processor
further comprises an offset monitor for reducing effects of said
"impairment on the discrete representation of the received signal

prior its being used to determine the power spectral density of

channel noise.

55. The modem of claim 54 wherein the line probing signal is

substantially periodic and a discrete spectral representation is

ment shet
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Al t hough the descri bed enbodi nent used a four-wire type nodem it should be
understood that this invention could also be carried out using a two-wire
type nodem During full-duplex 25 comuni cation using a two-wire type
nodem the received signals may, of course, include echo. For purposes of

conducting the = - 31 - line probing measurements, it is desirable to
avoi d echoes in the S

o |-

generated for each period of the received 1ine probing signal and
wherein the offset monitor reduces the effects of said impairment
by first estimating said impairment and by then rotating the
discrete representation corresponding to a current period of the
received line probing signal by an améunt determined by the

estimate of said impairment.

56. The modem of claim 55 wherein the offset monitor estimates
said impairment by comparing the discrete spectral representation
corresponding to the current period of the received line probing
signal to a reference signal derived from the discrete spectral
representations corresponding to at ieast one previous period of

the received line probing signal.

57. The modem of claim 37 wherein the line probing processor

comprises:

a. a spectrum analyzer for generating discrete spectral
representations of the received line probing signal; and

b. a module for computing a nonlinear distortion indicator
based upon the discrete spectral :eprésentatiops of the

received line probing signal.

58. The modem of claim 37 wherein the receiver comprises a
monitor circuit for measuring a power leyei of the received line
probing signal and wherein the measured characteristics includes

a quantity derived from the received power level.
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received signal and this can easily be acconplished by having the nodens
conduct- the |ine probing neasurenents sequentially rather than
concurrently, as in the above-descri bed enbodi nent. 5 Q her
enbodi nents may include the followi ng features. The selection of the

nunber of bits per baud may be based on the neasurenent of

i mpai.rments in

addition to or other than NLD and receive | evel. Al so,. in cértain

applications, no operational constrai %s may t}ev/necessarﬁE :Mg% ch case,

the information 10 exchange between 't he | ocal
device may be sinplified. For exanpl e, each nods

its.

not e
ately sel ect

59. In a system in which a local modem receives data sent by a

remote device over a receiver channel in the form of a first

single carrier modulated signal, the modem being capable of

receiving the first modulated signal over any one of a first

plurality of frequency bands, a method for establishing

communication conditions comprising the steps of:

a. sending a first line probing signal from the remote device
to the local modem over the receiver channel;

b. receiving the first line probing signal in the locai moden;

c. measuring characteristics of the feceiver channel based upon
the received first line probing signal; and

a. selecting one of the first plurality of frequency bands
based upon the measured characteristics of the receiver
channel, said selected one of the first plurality of
frecuency bands to be used for féceiving the first modulated

signal from the remote device.

60. The method of claim 59 wherein the modem transmits data to

the remote device over a transmitter channel by using a second

single carrier modulated signal and being capable of sending the

second Signal over any one of a second plurality of frequency

bands, the method further comprising the steps of:

a. sending a second line probing signal from the local modenm to
the remote device over the transmitter -channel;

b. .receiving the second line_nznhing sign§;_jg_ggg remote
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respective bit rate and the transm ssion band based upon its channel

measur enment and then exchange its final decision with the other nodem In
addition, other exchange protocols nmay be used. 15 Furt her, the

sel ection of the transm ssion band nmay be based only- on the nmeasured
frequency response of the channel and may not require neasurenent of the
noi se spectrum Al so, baseband data transm ssion may be enployed I nst ead of
t he passband transm ssion used in the4 escri bed..enbedinent.

\\Il\ll\ g \\ \\I\

device;

c. measuring'characteristiﬁs of the transmitter channel based
upon the received second line probing signal: and

d. selecting one of the second plurality of frequency bands
based upon the measured characteristics of the transmission
channel, said selected one of the second plurality of
frequency bands to be used for sending the second modulated

signal to the remote device.

61. In a system in which a2 local modem receives data sent by a

remote device over a receiver channel in the form of a first

single carrier modulated signal, the modem being capable of

receiving the first modulated signal at any one of a first

plurality of bit rates, a ﬁethod for establishing communication

conditions comprising the steps of:

a. sending a first line probing signal from the remote device
to the local modem over the receiver channel;

b. receiving the first line probing signal in the local modem;

c. measuring characteristics of the.receiver channel based upon
the received first line probing signal; and |

a. selecting one of the first plurality of bit rates based upon
the meaéured characteristics of the receiver channel, said
selected one of the first plurality of bit rates to be used
for receiving the first modulated signal from the remote
device. |
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- 32 - CLAIMS 1. A nmodem for receiving data sent froma renote device
over. a.communi cation channel by wusing a single carrier nodul ated signal,
t he modem conprising: a receiver for operatively receiving the nodul ated
si gnal and bei ng capabl.e of receiving the nodulated-signal over any one of

a plurality of frequency bands; and | \“‘“\\‘\“\\“\ :
L

62. The method of claim 61 wherein the modem transmits data to

the remote device over a transmitter channel by using a second

single carrier modulated signal and is capable of sending the

second signal at any one of a second-plurality of bit rates, the

method further comprising the steps of:

a. sending a second line probing signal from the local modenm to
the remote device over the transmitter channel;

b. receiving the second line probing signal in the remote
device;

c. measuring characteristics of the transmitter channel based
upon the received second line probing signal; and

d. selecting one of the second plurality of bit rates based
upon the measured characteristics of the transmission
channél, said selected one of the second plurality of bit

rates to be used for sending the second modulated signal to

the remote device.

This §
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a selector adapted for operatively selecting one of the plurality of
freduehcy bands based upon neasured characteristics of the channel, for use
for receiving the nodul ated signal fromthe renote device; said noden1being
characterised in that said receiver is adapted for operatively additionally
receiving a line probing signal sent by the renote device over the channel,
said line probing signal sinultaneously stimulating nore than one of said
plurality of frequency bands; and in jgurther conprising a line problng
processor adapted for measuring characterlstlcs of t he channel

ABSTRACT
MODEM

A modem receives data sent from a remote device

over a communication channel by using a single
carrier modulated signal. The modem includes a
receiver which receives the modulated signal and a

- line probing signal sent by the remote device over
the channel. The receiver is capable of receiving
the modulated signal over any one of a plurality

of frequency bands. A line probing processor
measures characteristics of the channel based upon
the received line probing signal. A selector selects
cne of the plurality of frequency bénds, this
selection being based upon the measured characteristics
of the channel. The selected frequency band is to
be used for receiving the modulated signal from the
remote device.

FIG. 1



based upon the received line probing signal. 2. A nodem according to
Claitm > 1, further characterised in that the |ine probing processor
conprises: a spectrum analyzer adapted for generating discrete
spectral representations of the received |line probing signal; and a nodul e
adapted for estimating a frequency response for the channel based upon the
di screte spectral representations of the received |ine probing signal, the
frequency response being estimted at npfe t han one-
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frequency. 3. A nmobdem according to Claim

characterised in that the |ine probing processor conprises:

generating discrete spectral

anal yser adapted for
and a nodul e adapted f

recei ved |ine probing signal;
spectral density of channel

further

a spectrum
representations of the

or estimating a power

1,

noi se based upon the discrete spectral

representations of the received |line probing signal. 4. A nodem according
to any of Clainms 1, 2, or 3, 2/3
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- 33 - further characterised in that the nodul ated signal is a linearly
nodiil ated-signal, in that each one of said plurality of frequency bands
is characterised by a corresponding baud rate and carrier frequency, and
in that. the nodul ated signal fromthe renote device is received at the
correspondi ng baud rate associated with the sel ected
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f equency band. 5. A mdem according to Claim 4, further

characterised in that the carrier frequencies of tmn nor e of sald
plurality of frequency bands are the sanme. 6. (13?

daim 4, further characterised in that the Ilnear 5
a quadrature anplitude nodul ated signal. 7. nodem accord| ng
Caim 1, further characterised in that the neasured characteristics

i ncl ude a frequency response of the &hharnel .

This invention relates to data communication equipment or
nodens.

[ Modems are devices which employ digital modulation
techniques to transmit binary data over analog band linited
communication channels. High-speed modems commonly use linear
modulation schemes such as quadrature amplitude modulation (QANM).

In linear modulation systems, binary information is
10 collected in groups of M L bits (M is dimensionality and L is the
bits/baud which may be fractional) and the resulting sequence is
mapped into a sequence of complex-valued signal points, using
some coding scheme. The complex sequence is filtered by a
shaping filter to limit its bandwidth, and the real and imaginary
15 conponents of the filtered signal points are used to amplitude
modulate the quadrature components of a sinusoidal carrier of
some frequency f.. If the bit rate is R b/s, then Q=R/L is the
baud rate of the linear modulation system. The baud rate
represents the minimum bandwidth required to transmit the moden
20 signal without introducing distortion. (The actual bandwidth of
the shaping filter may be larger, but it is typically
proportional to the ‘baud rate.) The baud rate and the carrier
frequency together determine the transmission band.
The bandwidth efficiency of a linear modulation systen is
25  measured by L, the number of bits it transmits per baud. For

fixed rate R, increasing L reduces the baud rate and thus the
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&~ A nodem accor di ng to Caim 1, further characterised in that
the receiver includes an adaptive filter for providing a desired overall
i mpul se response to a decoder, and in that at |east sone of the neasured

characterised take into account the adaptive filter. 9. A nbdem
according to Caim 8, further characterised in that the adaptive
filter is used in conjunction with trellis precoding. 10. A nodem

according to Cdaim 1, further characterd sed in that the neasured
characteristics further

required bandwidth. However, increasing L also reduces the noise
tolerance of the system. Therefore, for a given channel
characteristic, there is an optimum tradeoff between the baud
rate and the number of bits-transmiﬁted per baud.

On channels with a rectangular or brickwall-like spectrum
and white noise, the baud rate must be chosen approximately equal
to the channel bandwidth. On the other hand, if the channel
spectrun shows gradual attenuation, it may be preferable to
choose the baud rate large enough such that portions of the
attenuated regions are included in the transmission band. A
large baud rate results in increased distortion, however, an
equalizer in the receiver can compensate for the distortion and
the noise enhancement caused by equalization may be nore than
offset by the improved noise tolerance obtained with a smaller L.

In most commercial high-speed voiceband modems that are
available today, the baud rate and carrier frequency and thus the
transnission band is often fixed: e.g;, Q=2400 Hz and £ =1800 Hz.
Recently, modems were introduced which 6ffer multiple but
mnanually selectable carrier frequen¢ies. -In either case, since
channel characteristics show considerable variation between
different lines or connections, with such modems it is difficult

to achieve the best possible performance on all possible lines.
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iAcl ude a signal -to-noise ratio of the channel neasured at nore than one
frequency. 11. A nodem according to Caim 1, further
characterised in that the line probing signal is a substantially periodic

si gnal .

12. A nodem according to Caim 11, further characterised

in that the Iine probing signal is of the f_p_rjn__ [err] where x(t)
represents the line ppoRLBYsis@8alor toddes? ¢4 Bl A1 §iscloses a moden

which includes transmission means for transmitting information
signals to a remote device over a cﬁannel at any one of a
mutiplicity of communication rates and reception means for
receiving information signals from the remote device over the
channel at any one of the communication rates. The quality of
the channel is monitored on the basis of the received information
signals. Rate control means are responsive to the quality
monitoring means to select a current communication rate based on
the channel quality. The rate control means include fall forward
neans for indicating that an increase in the current
communication rate to a ﬁigher communication rate is desired and

for implementing the increase when the remote device concurs.
~ . In general, in one aspect, the invention provides a modenm

for receiving data sent from a remote device over a communication
channel by using a single carrier modulated signal, the modem

comprising:
a receiver for operatively receiving the mnodulated

signal and being capable of receiving the modulated signal over
any one of a plurality of fregquency bands; and

a selector adapted for operatively selecting one of the
plurality of frequency bands based upon measured characteristics
of the channel, for uée for receiving the modulated signal fron
the remote device; said modem being characterised in that said
receiver is adapted for operatively additionally receiving a line
probing signal sent by the rermote device over the channal, and
sinultaneously -simulating more than one of said plurality of
frequency bands; and in further comprising a line probing

processor adapted for measuring characteristics of the channel

This is the replacement sheet
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A'is a constant; [err] is a frequency resol ution; [err] is a phase
angle; k is a.frequency interval index which belongs to a subset of the
i ntegers ranging from[err] through [err]; [err] specifies the | owest
frequency index included in the |ine probing signal; and

._3..
based upon the received line probing signal.
In preferred embodiments, the measured characteristics

include a frequency response of the channel and/or & signal-to-
noise ratio of the channel ceasured at more than one frequency.
The receiver includes an adaptive filtef (which may implement
trellis precoding) for providing a desired overall impulse
response for the channel and at least some of the reasured
characteristics take into account the adaptive filter. And, ths

line probing signal is a substantially periodic signal.
Preferred embodiments also include the following features. -

The line probing processor includes a spectrum analyzer for
generating discrete spectral representations of the received line
probing signal: a module for estimating a frequency response for
the channel based upon the discrete spectral representations of
the received line probing signal, the frequency response being
estimated at more than one frequency; and a module for estimating
a power spectral density of channel noise baéed upon the discrete
spectral representations of the received line probing signal.
Also, the modulated signal is a linearly modulated signal (such
as a quadrature amplitude modulated signal) and each one of said
plurality of frequency bands is characterized by a corresponding
baud rate and carrier frequency. The noise estimating rodule
also estimates a power spectrum of the'channel response based
upon the discrete spectral representations of the received line
probing signal and then cozputes a signal-to-noise ratio
corresponding to the channel Based upon-boﬁh the powver spectral
density of channel noise and the power spectrunm of the channel
response. The noise estirating module performs weighted

periodogran averaging to estimate thé_pouer spectral density of
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Ferr] specifies the highest. frequency index included in the |ine probing
signal. 13. A nobdem according to Caim 12, further characterised
in that the phase angles [err] of the line probing signal are selected to
achieve a small peak-to- average ratio of the |ine probing signal. 14. A
nodem according to Caim 12, further characterised in that the
phase angles [err] of the |line probing signal are equal to: [err]

- 4 -

channel noise based upon the discrete spectral representations of
the received line probing signal and also concurrently estinmates
the power spectrum of the channel response and the power spectral
density of channel noise from the same receiQed line probing
signal. The modem may includes a transmitter for transmitting
information based upon the rmeasured characteristics to the renmocte
device so that the remote device may identify one of said
plurality of frequency. bands based upon .said transmitted
information and then communicate said identified band to the
receiver and wherein the selector selects the identified band &s
said selected band. 1If the received line probing signal ray
include an impairment (e.g. frequency offset and/or low freguency
phase jitter), the line probing processor also includes an cffset

ponitor for reducing effects of said impairment on the discreze

eel
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15. A nodem according to Caim 3, further characterised in
that the nodule is arranged to perform wei ghted periodogram averaging to
estimate the power spectral density of channel noise based upon the
discrete spectral representations of the received |ine probing signal. 16.
A nodem according to Caim 15, further characterised in that the
nodul e is arranged to also estimate a power spectrum of the channel °
response based upon the discrete-spectral representations of the received
l'i ne
representation of the received signal prior its béing used to
determine the power spectral-density of channel noise. 'The
offset monitor reduces the effects of said impairment by first
estimating said inpairment and by then rotating the discrete
S representation corresponding to a current period of the received
line probing sigmal by an amount determined by the estimate of
said impairment. The offset monitor estimates said impairment by
comparing the discrete spectral representation corresponding to
the current period of the received line probing signal to a

10 reference signal derived from the discrete spectral
representations corresponding to at least one previous period of
the received line probing signal. Also, the discrete spectral
representations of the received line probing signal are M-point
Discrete Fourier Transforms. '

15 Preferred embodiments also include these additional
features. The receiver is capable of receiving the modulated
signal at any one of a plurality of bit rates and the modenm
further includes logic for selecting one of the plurality of
different bit rates based upon the measured characteristics of

20 the receiver channel, said selected bit rate to be used for
receiving the mcdulated signal from the remote device. The line
probing processor includes a spectrum analyzer for generating
discrete spectral representations of the received line probing
signal; and a module for computing a nonlinear distortion

25 indicator based upon the discrete spectral representations of the

received line probing signal. The receiver also includes a

' eet
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probi ng signal and to then conpute a signal-to-noise ratio corresponding to
t he channel based upon both the power spectral density of channel noise and
the power spectrum of the channel response. 17. A nodem according to
Claim 16, further characterised in that the power spectrum of the
channel response and the power spectral -dénsity of channel noise are
arranged to be estimated concurrently fromthe same received |ine probing
signal. 18. A nodem according to Claim 16, -further

monitor circuit for measuring a power level of the received
line probing signal and the measured characteristics includes

a quantity derived from the received power level.

In general, in another and alternative aspect, the
invention provides a modem for transmitting data to a remote
device over a communication channel by using a single carrier

modulated signal, the modem comprising:

a transmitter for operatively transmitting the modulated
signal to the remote device over the channel, the transmitter
being capable of transmitting the modulated signal over any

one of a plurality of frequency bands;

a receiver for operatively receiving characteristics of
the channel from the remote device; and a

' eet
This is the rep\acement she

50 Jon 9

Date:



a*

characterised in that the receiver further conprises an adaptive filter for
providing a desired overall inmpulse This is the replacenent sheet 35
response to a decoder and the signal-to-noise ratio is determned relative

to t-he output of the adaptive filter. 19. A nodem according to Cdaim
18,. further

~ 6A ~
selector adapted for operatively selecting one of the plurality
of frequency bands based.upon measured channel characteristics
for use for transmitting the modulated signal to the remote
device; said modem being characterised in further comprising a
signal generator adapted operatively to generate a line probing
signal, in that said transmitter is adapted additionally to
transmit said line probing signal to the remote device over the
channel, in that said 1line probing signal is arranged
simultaneously to stimulate more than one of said plurality of
frequency bands, and in that said channel characteristics are
derived by the remote device from the transmitted line probing
signal. |

In general, in yet another alternative aspect thereof, the
invention provides

a moden for receiving data sent from & remote device over a

communication channel by using a single carrier modulated signal,

the modem comprising:

a receiver for operatively receiving the modulated
signal and being capable of receiving the modulated signal at any

.one of a plurality of bit rates; and a selector adapted for
operatively selecting one of the piurality of bit rates, based
upon measured characteristics of the feceiver channel for use for
receiving the modulated signal from thé remote device; said modem
being characterised in that 'said_ receivers adapted for

additionally receiving a line probing signal sent by the remote

This is the replacement sheet
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characterised in that the adaptive filter is used in conjunction wth
trellis precoding. 20. A nodem according to Claim1l, characterised in
further conprising a transmtter adapted for operatively transmtting

i nformation based upon t he measured characteristics to the renote
device so that the renote device may idggtify one of said plurality of
frequency bands based upon said transmtted i nformati on and then

conmmuni cate said identified band to the receiver, and in that the selector

I's arrangedd g Pbetl tHE LASARLE L &thd3R @S i8t bomprising a line probing

processor adapted for measuring characteristics of the channel
based upon the received line probing signal.

In a further alternative aspect of this invention, we
provide a method for establishing communication conditions in a
local moden which receives data sent by a remote device over a
receiver channel in the form of a first single carrier modulated
signal, wherein the local modem is capable of receiving the first
modulated signal over any one of a first plurality of frequency
bands, the method comprising the steps of:

sending a first line probing signal from the remote
device to the local modem over the receiver channel, said line

probing signal simultaneously - Simulating more than one of said

plurality of fregquency bands;

receiving the first line probing signal in the local moden:
measuring characteristics of the receiver channel based upen
the received first line probing signal: and

selecting one of the first plurality of frequency bands
based bpon the measured characteristics of the receiver
channel, said selected one of the first plurality of

frequency bands to be used for receiving the first modulated

signal from the remote device.

According to a still further aépect of the present

} 1€ neet
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sel ected band. 21. A nodem according to Claim3, wherein the received line
probi ng signal may include an inpairnment (e.g. frequency offset and/or |ow
frequency phase jitter), the nodem being further characterised in that the
| i ne probing processor further conprises an offset nonitor adapted for
operatively reducing effects of said inpairnent on the discrete

representation of the received signal prior to its being used to determ ne
t he power spectral density of channel noi'se. 3

invention, there is provided a method for establishing
communication conditions in a local modem which receives data
sent by a remote device over a receiver channel in the form of

a first single carrier modulated signél, vwherein the moden is
capable of réceiving the first modulated signal at any one of a

first plurality of bit rates, the method comprising the steps of:

sending a first line probing signal from the remote device
to the local modem over the receiver channel;:

receiving the first line probing signal in the local rodem:
measuring characteristics of the receiver channel based upon
the received first line probing signal: and

selecting one of the first plurality of bit rates based upon
the measured characteristics of the receiver channel, said
selected one of the first plurality of bit rates to be used
for receiving the first modulated signal from the remote

device.

The best transmissidn band and maximum bit rate may be
determined for the modem based upon an offline measurement of the
characteristics of the particular channel to which the moden is
connected. Thus, in comparison to other conventional modenms
wvhich use a single carrier frequency modulation scheme, our
modens makes better use of the available frequency band of the
channel and do so from the beginning of data transmission.
Moreover, with any modems which utilize an adaptive rate system

to establish and maintain optimum performance during the course

of data communications, we provide an efficient way to initialize
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22. A nodem according to Caim 21, further characterised in that
the line probing signal is substantially periodic .and t he
discrete -spectral representations are generated for each period of
the received line probing signal, and in that the offset nonitor is adapted
operatively to reduce the effects of said inpairnent by first estimating
sai d inpairnment and then rotating the discrete representation
corresponding to a current period of the received |line problng signal by an
anount determined by the estimate of said imp& rnment.

the adaptive rate systen.

Furthermore, when using a QAM system, we achieve

close to optimal utilization of the maximum theoretical capacity
of the channel.
Other advantages and features will become apparent froam the

following description of the preferred embodiment -

We first briefly describe the drawings.
Fig. 1 is a block diagran of a communication system which

enbodies the invention;
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23. A nmodem according to Cdaim 22, further characterised in that
the offset nonitor is adapted operatively to estimate said inpairnent by
conparing the discrete spectral representation corresponding to the current
period of the received |ine probing signal toa - 36 - reference signal
derived from the discrete spectral :

-8 -

Fig. 2 is a flow chart depictiﬁé the operation of the line
probing processors shown in Fig. 1; and

Fig. 3 is a block diagran of the portion of the modem which
implements the spectrum analysis and the decision matrix

5 computation step shown in Fig. 2.

Referring to Fig. 1, a local modem 2, which is of a four-
wire type, transmits iﬂformation to a remote modenm 4 over a
channel A and recéives information sent by tﬁe renote device 4
10 over a channel B. In local modem 2, an encoder 6 receives a data
'bit stream 8 and encodes the bits according to some coding schene
at a baud rate Q, selected from a set of available baud rates.
Local noden 2 sends L, bits/baud where I, is selected based on a
set of available bit rates. A modulator 10, using a carrier
15 signal 12 of a frequency £, selected from a set of available
carrier frequencies, modulates the output'of encoder 6 and a
transmit filter 14 produces pulse shaping to control the
bandwidth of the transmit signal, all in accordance with some
single carrier modulation scheze, e.g. qguadrature anmplitude
20 modulation (QAM). Next, a digital-to-analog (D/A) converter 16
and a low pass filter 18 convert the digital transait signal to
an analog signal 20 which is transmitted over channel A to remote
noden 4. |
In remote modem 4, the received signal passes through a low-
25 .paés filter 21, an automatic gain control (AGC) circuit 33, an
analog-to-digital (A/D) converter 22 and then 2 receiver 24,
This is the replacement sheet
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fepresentations corresponding to at |east one previous period of the
received |ine probing signal. 24. A nodem according to Clains 2 or 3,
further characterised in that the discrete spectral representations of the
recei ved |line probing signal are Mpoint Discrete Fourier Transforns. .25.
A nodem according to Caim 1, further characterised in that the
receiver is also capable of receiving the nodul ated signal at any one of a
plurality of bit rates, and in tha§ the nodem further conprises |ogic for

which includes an adaptive filter 25 followed by a decoder 2s.
Adaptive filter 25 provides a desired overall impulse response
for decoder 26 which decodes the received signal according to the
particular coding scheme used by local'modem 2 to obtain an
5 estimate of the tr'amsmitted data bit stream 8.
Remote modem 4 also includes an encoder 30, operating at a

baud rate Q, selected from a set of available baud rates, a
modulator 32 with a carrier signal 33 of frequency f.,, selected
from a set of available carrier frequencies, a transmitter filter

10 34, a digital-to-analog converter 36 and a low pass filter 38
which convert a data bit stream 40 into an analog signal 42 for
transmission over channel B. Remote modem 4 sends L, bits per
baud selected based on a set of available bit rates, Likewise,
local modem 2 includes a low-pass filter 43, an automatic gain

15 control circuit 45, an analog-to-digital converter 44 and a
receiver 46. Similarly, receiver 46 includes an adaptive filter
47 which produces a desired overall impulse response for a
decoder 48 which decodes the signal received over channel B to
generate an estimate 50 of the data bit strean 8 transmitted by

20 renote moden 4. _

Local. modem 2 includes a-line probing.signal generator 52,

which genérates a special probing signal sequence x,(n), and a
line probing processor 54 which measures the quality of channel
B. Likewise, remote modem 4 includes a corresponding line

25 probing signal generator 56, which generates a probing signal-
sequence x,(n), and a line probing processor 58 vwhich neasures

ent gheet
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sel ecting one of the plurality of different bit rates based upon the
measured characteristics of the receiver channel, said selected bit rate to
be used for receiving the nodul ated signal fromthe renote device. 26. A
nodem according to Caim 25, further characterised in that the line
probi ng processor conprises: a spectrum anal yzer adapted for generating

di screte spectral representations of the received |ine probing signal; and
a nodul e adapted for conputing a Qon;[near

the quality of channel &A.
In general, local modem 2 sends iﬁs probing signal sequence
x,(n) to line probing processor 58 of the remote modem 4, which
uses the corresponding received signal sequence to compute the
5 signal-to-noise ratio (SNR) for channel A as a function of
frequency, i.e. SNR,(f). Then, for each combination of baud rate
and carrier frequency available to it, remote modem 4 computes a
corresponding decoder signal-to-noise ratio (which shall be
defined shortly). For each baud rate, the carrier frequency
10 _which yYields the best performance (i.e., as will be explained
later, the highest decoder SNR) is saved along with a value
representing the performance. These decisions are sent to local
modem 2. Similarly, local modem 2 makes decisions based on a
similar line measurement process and, in turn, sends its
15 decisions to remote modem 4. Both modems thén use the combined
information to select the transmission bands (characterized by
Q, Q, £,, and £,) and the transmission rates (determined by L,
and L;) to be used during subsequent data communications.
. The probing sequences are periodic signals selected to fully
20 ~and uniformly stimulate the entire channel over the spectrun of
frequencies which may be useful for data communication. One such
sequence consists of a group of equal amplitude tones which are
evenly spaced within the frequency band of interest, namely, 100
to 3600 Hz. The frequency separation between the tones
25 determines the frequency resolution of the resulting SNR

neasurements. It is desirable to select the phases of these
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di stortion indicator based upon the discrete spectral representati ons of
the received line probing signal. 27. A nodem according to Caim

25, further characterised in that the receiver conprises a nonitor
circuit adapted for measuring a power |evel of the received |ine probing
si gnal , and in that t he measured characteristics include a

quantity derived fromthe received power |evel. 28. A nodem for
transmitting data to a renote devi gg over a communication channel by using
a single carrier

tones so as to yield a relativaly small peak-to-average ratio fo:-
the transmitted signal thereby reducing the possibility of
driving the channel beyond its region of linear operation. The

following is an exanple of one such probing sequence which

5 satisfies these criteria:
k,
x(n) = A T cos (2xkfnT, + &), n=0,1,...,P=1 (1)
1
10 . )
oy = =(k=X,;)/ (k~k;) (2)

where A is a scaling constant;
n is a sampling interval index:
15 f) is the frequency resolution:
| X is a frequency interval index;
k, specifies the ldwest frequency index included in the
sequence; '
k, specifies the highest frequency index included ig
20 the seguence:
T, equals 1/f,, where £, is the sampling rate; and
P equals f,/fA, the number of samples in one period of
the line probing signal.
In the embodiment described herein, the sarpling rate is
25 9600 Hz, P equals 256, the frequency resolution f, is 37.5 Hz, X,
equals 3 and k, equals 96 (i.e., covering ‘a frequency range from
112.5 to 3600 Hz).
Line probing processors 54 and 58 employ the Fast Fourier
Transform (FFT) technique to compute SNR(f) for their respective

30 channels. They determine SNR(f) by measuring the frequency
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podul ated signal, the nodem conprising: a transmtter for operatively
transmtting the nodul ated signal to the renote device over the channel

the transmitter being capable of transmitting the nodul ated signal over any
one of a plurality of frequency bands; a receiver for operatively receiving

- 37 -
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20

25

- 12 -

response, H(f), and the noise power specﬁral density, ¢(f), of
the channel a.t the discrete frequencies excited by the probing
signal, i.e. kf,, where k=k;,...,X,. Then, the processors 54 and
58 compute SNR(f) by using the following well-known relationship:
SNR(£) = |H(£)|*/¢(£) (3)

Before describing the steps of the measurenment algorithm in
detail, an explanation of the underlying rationale will be given.

In general, the real-valued received sequence sampled at
times (iP+n)T, can be written in the form:

r(i,n) = x(n)*h(n) + w(i,n) (4)
= y(n) + w(i,n) i=0,1,...,N-1; n=0,1,...,P-1 (5)
where * signifies convolution, x(n) is a transmitted periodic
probing signal, h{n) is the sampled channel impulse response,
w(i,n) is a potentially colored noise sequence with a power
spectral density. of &(£f), N is the number of observation periods,
and i is an index for observation periods.

Since the probing signal x(n) has a flat spectrum within the
frequency band of interest, the noiseless channel output y(n) has
the following power spectrun:

Lo (kEp) |2 = 1H(kEy) |2
where H(kf,) is the Discrete Fourier Transform (DFT) of h(n) and
¥ (k£fp) is the DFT of y(n).
Estimates of both H(kf,) and @¢(XKf,) may be.readily obtained

from a P-point DFT of the received segment r(i,n) r=0,1,...,P-1,

vhich is designated hereinafter as R,(kf), i=0,1,...,N-1. If

¥(k£f,) were precisely known, then an estimate of the noise

Jent sheet
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characteristics of the channel fromthe renote device; and a sel ector
adapted for operatively selecting one of the plurality of frequency bands
based upon neasured channel characteristics for use for transmtting the
nodul ated signal to the renote device; said nodem being characterised in
further conprising a signal generator adapted operatively to generate a

| ine probing signal, in that said transmtter is adapted additionally to
transmt said |line probing signal to the renpote device over the channel, in
that said |line probing signal is ar¥Yanged sinultaneously to stinulate nore

spectrunm &(kf,) could be obtained from the following periodogram

average:
N-1 )
5 &(k£fay) ~ (1/N) T |R,(kfp) - ¥(k£p) % k,<k<k,. (6)
i=0 -

It can be shown that the periodogram averaging yields an
asyrptotically unbiased and consistent.estimate of the noise
10 spectrum, &(kf,). That neans, as the number of observation
periods increases, the mean and variance of the error tend to
zero.
Although ¥(kf,) is unknown, it may be estirated by using the

following DFT averaging:

15
N-1
¥ (KEy) ~ (I/N')iio&(kfb); k;kgkz. (7)
20 After subsﬁituting Eg. 7 into Eqg. 6, with straightforward
manipulations, Eq. 6 can be written in the followinglform:
No(k£y) ~ =, IR, (kfa) |2 - | (L//N)ER, (KEp) |2 (8)
With the substitutions
A, = LR (k£ |? i k.<kzk, (9)
25 ' B, = (1//N)Z,R (kfa) : k.<k<k, _ (10)
| this further reduces to: |
o(kfp) ~ (A, -~ BY/N ; k<k<kye (11)
Note that:
|H(kE) |2~ B? i ky<kek,. (12)
30 The line probing processors 54 and 58 use the abeve equations to

simultaneously estimate the noise spectral density.é(kfp) and the

channel frequency response H{kf,). This is the replacement sheet
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« than one of said plurality of frequency bands, and in that said channel
characteristics are derived by the renote device fromthe transmtted |ine
probing signal. 29. A nodem according to Claim 28, further
characterised in that the nodulated signal is a linearly nodul ated signa
and in that each one of said plurality of frequency bands is characterised
by a correspondi ng baud rate and carrier frequency. 30. A nodem
according to Caim 29, further characterised in that the linearly:
nodul ated signal is a

Every observation period, the algorithms accunulate and
store £,|R,(kfy)|? and ()//N)I,R,(kf,). After N observation
periods, the results equal A, and B,, k=K;,...,X,, respectively.

The estimate of &(kf,) at any given freauency kf, nay be

w

affected by the spectral energy density at other frequencies and

thus may be "biased". Wwhen computing the DFT's from the recéived

signal r(i,n) with an FFT technique, the line probing processors

54 and 58 use windowing, a known spectrum analysis technique for

improving the performance of simple periodogram averaging. .In

10 the embodiment described herein, a Hanning window of length 2P is
used. The Hanning window has a raised cosine shape with a 100%
roll-off. To reduce the calculation time associated with using a
window of length 2P, two successive periods of received data are
overlapped. Of course, a ﬁindow of duration longer than 2P may

15 be used to improve accuracy, however, this would increase the
amount of conmputations required for compieting the FFT
calculations.

The received signal r(i,n) may also have a frequency offset

that can substantially degrade the accuracy of the estimation of

20 R,(k£f,) and, in'turn, the noise spectrum. Although, windowing
reduces -effects of the frequency offset, additional steps are
taken to reduce it even further. In the noise-free situation,
the presence of frequency-offset causes thé DFT for the current
observation period to differ from the DFT for the preceding

25 period by a constant phase factor. That is:

Ry, (k£a) /R, (kf,) = phase factor = exp[j2x£,PT,) (13)
This is the replacement sheet
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squadrature anplitude -nodul ated signal. 31. A nodem according to
Caim 28, further characterised in that the neasured characteristics

i nclude a frequency response of the channel. 32. A nobdem according to
Claim 28, further characterised in that the neasured characteristics
further include a signal-to-noise ratio of the channel neasured at nore
than one frequency. 33. A nobdem according . to Claim 28, further
characterised in that the line prolt%i ng signal is a

where f, is the frequency offset. This relationship is used to
estimate the phase factor. Then, the estimated phase factor is
used to rotate the DFT's to cancel the effects of the frequency
offset.

5 In the embodiment described herein, line probing processors
54 and 58 use the accumulating estimates of B,, k=k;,...,k,,
(which shall be designated as B, ,, where i indicates the
observation period) rather than the DFT from the previous period,
to achieve basically the same results. That is, after the

10 initial period of accumulation, the newly computed periodograms
R,(kf,) are compared with the corresponding B, ,, by takiﬁg the
inner product:

E = 5B 1R, (kfy) (14)
‘where " is the complex conjugate and the summation is over

15 X;<k<k,. The quantity E, a complex number, is normalized by
using a polynomial approximation of the function 1//x vwhere X
equals [|Re[E]}]? + |Im(E]]?) and then it is used to rotate Ri(ka)
before R,(kf,) is added to B, ;.; to produce B, , 2 new estimate of
B, .

20 In addition to SNR(f), an important source of distortion for
data transmission is non-linear distortion (NLD). NLD causes the
energy in the transmitted frequency components to be spread over
other frequencies. Although there are standard techniques for
measuring NLD on telephone lines, it is desirable to obtain a

25 rough estimate of NLD by using the line probing signals. -lihus,

to measure NLD, the line probing signal is slightly modified from
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«.Substantially periodic signal. 34. A nodem according to Claim 33,
further characterised in that the line probing signal is of the form
[err] where x(t) represents the line probing signal; t is a tine variable;
A is a constant;

10

15

20

25

- 16 -
the one described above. This is done by omitting some
preselected frequency lines. Line probing processors 54 and 58
then measure the strength of the received line probing signals at
these omitted frequencies and average those measurements to
arrive at a rough estimate of NLD. As will be described later,
the estimate of NLD is then taken into account in estimating the
maximum achievable bit rates for the modems.

To account for the missing frequencies, line probing
processors 54 and 58 estimate the missing values of SNR(kf,) by
averaging the values of SNR(kf,) corresponding to frequency lines
in the yicinity.of the omitted frequency lines. The location of.
the omitted frequency lines are selected so that they are cormmon
to all transmission bands available to the modem and lie near the
nid-range of such bands, where SNR(f) is likely to be relatively
uniform. By selecting the omitted frequencies in this manner,
the error caused by this approximation is kept small.

After N observation periods have elapsed and the estimates
of A, and B, have been accumulated for k,<k<k,, processors 54 and
58 compute SNR(kf,) for the corresponding channels using Egs. 11,
12 and 3, above. The conputed SNR(kf,) is theh used to deternine
for each.baud rate the carrier frequency which yields the best
receiver performance. The way this is determined will now be
described.

The decoder in each modem operates on a properly egualized

signal, i.e. one which has passed through the receiver's adaptive

filter. Thus, it is generally the SNR at the output of the
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JJerr] is a frequency resolution; [err] is a phase angle; k is a frequency

i nt erval

I ndex which belongs to a subset of the integers ranging from/[err]

through [err]; [err] specifies the | owest frequency index included in the

| ine probing signal; and [err] specifies the highest frequency i ndex
included in the line probing signal. 35. A nobdem according to Claim
34, further characterised in that the phase angles [err] of the

10

15

20

25
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adaptive filter, i.e. the decoder SNR, that is most relevant to

the performance of the receiver. The decoder SNR is related to
SNR(k£f,), and the precise relationship depends upon the type of
adaptive filter used in the receiver. |

In the described embodiment, modems 2 and 4 are equipped
with a trellis precoding equalization system such as the scheme
discloéed in the U.S. Patent Application entitled "Trellis
Precoding for Modulation Systems, "by Eyuboglu and Forney, filed
on an even date herewith and hereby incorporated by reference.
In trellis precoding, each receiver 24 and 46 includes a
fractionally-spaced nininum-mean-squared error linear equalizer
whose output is sampled at the baud rate, followed by a linear
prediction filter responsible for whitening the residual error
sequence at the cutput of the linear equalizer. If {x '} is the
complex sequence transmitted by the trellis precoder, then the
received sequence at the output of the predictiop filter can
approximately be written in the form

{x'y) = {(x'}*(h'}+{w,}, (15)
where (h' } is a causal (i.e., h' =0, n<0) overall impulse
response and {w,)}) is a white error sequence of some variance o°.
Here, .it may be assumed that the filters are scaled such that
hy=1. Then, under the assumption that the error signal can be
nodeled as Gaussian and neglecting other small effects, it'.is

known that the performance of the trellis precoder is given by

Pl - K Q(d:i.r./za) _ . (16)
where K is a constant, Q(a) is the Gaussian tail function given
acement sheet
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Jine probing signal are selected to achieve a small peak-to- average ratio
for the line probing signal. 36. A nobdem according to Caim 34,
further characterised in that the phase angles [err] of the line
probi ng signal are equal to: [err] 37. A nmodem for receiving data sent
froma renote device over a conmunication channel by using a single carrier
nodul at ed signal, the nodem conprising: a receiver for operatively
recei ving the nodul at ed - 18 -

10

15

20

25

30

by

Q(e) = (1//27) [ exp{-a?/2} da (17)

and d_, is typically taken as the minimum distance between
allowable channel output sequences. The quantities K and 4_,,
depend on the trellis code that is used in conjunction with the
trellis precoder. Stated approximately, d,, decreases by a
factor of /2 for every increment in L, the number df_bits per
baud, assuming that the average power of the precoder output is
kept constant. The sampled decoder SNR may.be defined as
d%,./2¢%. The baud rate or carrier freqﬁency affect the decoder
SNR only through the noise variance %

To determine the rélationship between o* and SNR(f), first
note that at the equalizer output, after demodulation, the noise
spectrum is given by |

S.(£)=e(£)/1H(£) |%, 1f-fcl<Q/2, (18)
where Q equals the baud rate and it is assumed that the
transmitted signal has zero excess-bandwidth. (Typically, high-
speed modems use 10-12% excess bandwidth; however, experiments
have shown that this has only a small e:fect on pérformén;e).
Now, the-autocorrelation sequence of the noise sequence can be
coaputed as |

=T [ &(f)/|H(E)|? ™% df, n=1,2,... (19)
{t-2 {<q/2 '

Since the spectra are measured at discrete frequencies kfp, g,

can be approximated as follows:
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signal and being capable of receiving the nodul ated signal at any one of a
plurality of bit rates; and a selector adapted for operatively selecting
one of the plurality of bit rates, based upon neasured characteristics of

t he receiver channel for use for receiving the nodul ated signal fromthe
renpt e device; said nodem being characterised in that said receiver is
adapted for additionally receiving a |ine probing signal sent by the renote
devi ce over the channel; and in further conprising a |ine probing processor
adapted for neasuring characterlsths of the channel based

g, = a = e(k£a)/|H(kE) |3 exp(j2xkfﬁn/Q), n=1,2,... (20)
k) (G, £, 3eksk (9. L) :

where a is some normalization factor and X,;(Q,f)) and k,(Q,f.) are

5 the frequency indices corresponding to the bandedges assuming the
baud rate Q and carrier frequency fc.__Once (g,}] are determined,
o® can be computed using well-known formulas for linear
prediction. For example, if it can be assumed that the noise
sequence is a first-order autoregressive (AR) process as

10 described by Eyuboglu in "Detection of Severely Distorted
Signals Using Decision Feedback Noise.Prediction with
Interleaving” IEEE Trans. on Communications, April, 1988, then,

o is given by

o* = gy - g%/ - _ (21)
15 Thus, by using Egs. (20) and (21), liné probing processors 54 and
58 can determine for each baud rate Q,'the carrier frequency
£.(Q) which yields the smallest noise power o*(£.(Q)).
The computation of decoder SHR described above can be
extended to higher order AR models using well known formulas for
20 the minimum—mean-square error prediction error as described in
Jayant and Noll, "Digital Coding of Waveforms" Prentice-Hall,
1984.
The description given.above assumeé that the fractionally-
spaced linear equalizer has a sufficiehtly large span to reduce
25 the effects-of phase distortion to a negligible level. In high-
speed modems that is often a reasonable aséumption. In

applications where this condition may not be satisfied, the

' et
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upon the received line probing signal. 38. A nodem according to Claim

37, further characterised in that the |ine probing processor conprises: a
spectrum anal yzer adapted for generating discrete spectral
representations of the received |line probing signal; and 39

- 20 -

effect of phase distortion has to be taken into account.
Furthermore, if the assumétién of a first-order AR model does not
hold, then the residual noise sequence may be correlated and its
effect on performance may have to be taken into consideration.

5 " Having described the nature of the computations performed by
processors 54 and 58, the steps of the_measurement algorithnm,
shown in Fig. 2, will now be described in more detail. Local
moden 2 starts the line probing process by transaitting a line
probing tone signal at some fixed frequency for a fixed number of

10 bauds (designated in Fig. 2 as S) over channel A (step 110) while
. at the same time, remote médem 4 monitors channel A to detect the
tone signal (step 120).
After detecting the line probing tone, remote moden 4
initiates a period of tone training (step 130). During this
15 period, it uses a phase-locked loop (PLL) to learn the frequency
offset in the incoming tone and at the same time it adjusts its
AGC setting to achieve a desired signal level prior to A/D
conversion. After a fixed amount of time, the receiver freezes
both its AGC setting and its PLL and then switches to a
20 transition detection state to detect the arrival of the wideband
line probing signal transmitted from the local modem 2 (step
140). | |
In the meantime, the transmitter in'modem 2 continues to
transmit its tone for at least S bauds and until it receives a
25 reply tone from remote modem 4. Then, processor 54 causes

probing signal generator 52 to generate the above-described

heet
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a*nodul e adapted for estimating a frequency response for the channel
based upon the discrete spectral representations of the received |ine
probi ng signal, the frequency response being estinmated at nore than one
frequency. 39. A nodem according to Caim 37, further
characterised in that the |line probing processor conprises: a spectrum
anal yzer adapted for generating discrete spectral representations of the
received line probing signal; and g npdul e adapted for estimating a power

special probing signal and transmits it ﬁo remote moden 4 for at
least N periods (step 150). After receiving N periods of the
probing sigﬂai from remote modem 4, modem 2 switches to a
communication node.for sending line probing measurement results
S to remote moden 4 (step 160).
Since the line probing algorithm implemented by remote moden
4 is the same as the line probing algorithm of moden 2, the
sequence of events in both modems 2 and 4 and their timing is
also basically the same. Thus, remote modem 4 sends its tone
10 sighal, generates its probing signal for transmission to modem 2,
and enters a corresponding communication mode at about the sane
times as these events occur in modem 2.
As soon as remote moden 4 detects the probing signal on
channel A, processor 58 begins a spectrum analysis of the
15 received probing signal (step 170). First, line probing
processor 58 measures the channel and noise spectra and fronm
these computes SNR(f) and then the decoder SNRs.
The elements of the modem which perform the spectrum
analysis and the decision patrix computation of step 170 are
20 shown in Fig. 3. After being converted to a digital signal, the
received real-valued probing signal passes through a frequency
offset compensator 60 which nmultiplies it by a complex-valued
rotation factor which was derived from the frequency offset
estimate obtained during the initial tone training described
25 above. A first buffer 64 temporarily-stores the rotated digitdl

signal for subsequent processing.
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spectral density of channel noise based upon the discrete spectral
representations of the received line probing signal. 40. A nodem accordi ng
to any Clainms 37, 38, or 39, further characterised in that the nodul ated
signal is a linearly nodulated signal. 41. A nodem according to Cdaim
40, further characterised in that the linearly nodul ated signal is a

quadrature anplitude nodul ated signal. 42. A nodem according to Caim

40, further
_22_

After buffer 64 has received data cdfresponding to two
periods of the line probing signal, a Qindowing algorithn 66
applies a Hanning window to the two periods of rotated data
stored in buffer 64 to ?roduce_a frame of windowed data which

5 consists of 2P complex-valued samples. These are then stored in
a second buffer 68. Next, FFT algorithm 70 computes a P-point
DFT from the stored frame of windowed data.
~After each new period of data is received and stored in
first buffer 64, windowing algorithm 66.ﬁses the stored data,

10 along with the data from the preceding period, to compute a new
frame of windowed data. FFT algorithm 70 then computes a new P-
point DFT using the new frame of windowed data. 1In other words,
for each period of the received probing signal, a new P-point DFT
is generated from the two most recent pericds of data. Thﬁs, one

15 period of data is used to compute the DFT for two successive
periods.

The P-point DFT's from FFT algorithm 70 are passed to a
frequency offset monitor 72, which first estimates and then
reduces any uncancelled frequency offset which may bg present.

20 Offset monitor 72 estimates the amount of uncancel}ed frequency
offset by comparing each computed DFT against a reference 74
which corresponds to accumulated DFT's fron previous observation
periods. Offset monitor 72 then rotates the elements of the DFT
by an amount that corresponds to the estimated uncancelled

25 frequency offset for that DFT, thereby generating the rotated

DFT' Rx' (ka) .
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Gharacterised in that the neasured characteristics include a frequency
response of the channel. 43. A nobdem according to Caim 37,
further characterised in that the nmeasured characteristics include a
signal -to-noise ratio of the channel neasured at nore than one frequency. -
44. A nodem according to Cdaim 37, further characterised in that
the line probing signal is a substantially periodic signal. 45. A
nodem accordi ng to Cam 44,_ 3 further
Next, an accumulatbr 76 receives th"ese rotated DFT's and
uses them to generate the quantities A, and B, as follows.
Initially, accumulator 76 sets both A, , and B, , to zero. During
_the i*™ period, when R,'(kf,) has -been compiled, for each k in the
5 range X,;<k<k,, accumulator 76 -computes the squared magnitude of
R,'(kf,) and adds the result to the stored value for A, , to
generate A, ;. Accumulator 76 also divides the R,'(kf,) by /N and
adds this result to the stored value for B, ,, to generate B, ,.
A, , and B, ; are -accumulated in this manner for N observation

10 periods. (Note that A, ,'s are real numbefs, whereas B, ,'s are
complex numbers.)

The B, ,'s generated during each observation period are
stored in storage element 78 for use as a reference signal 76
during the next observation period. That is, for the i*

15 observation period, reference signal 76 is equal to B, ,, computed
during the previous observation period. Offset nonitor 72 uses
reference signal 76 to compute Eq. 14 described earlier. That
is, offset monitor 72 calculates the complex conjugate of the
current P-point DFT from FFT algorithm 70, i.e. Rl'(ka), and then

20 computes the.inner product of B, ,., and R,"(kf)). The inner
product is then normalized to arrive at an estimate of the phase
‘offset. It should be noted that by using this approach, the
modem can compensate for any residual frequency offset as well as
track small amounts of low frequency phase jitter.

25 Since preselected frequencies were omitted from the line

probing signal, the values of B, at the locations of the omitted
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characteri
where x(t)
const ant ;
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sed in that the line prdbing signal is of the form

[err]

represents the line probing signal; t is a tine variable;, Ais a
[err] is a frequency resolution; [err] is a phase angle;

- 24 -

frequencies provide a measure of the non-linear distortion

associated with the channel. Thus, after B, y has been

determined

for N observation periods, a distortion monitor 80 estimates the

non-linear distortion by squaring the amplitudes of B, ,'s

corresponding to omitted frequencies and computing the
the resulting squared amplitudes. The average is then
by monitor 80 as a non-linear distortion indicator 82.

Using the A, 4's and B, y's from accumulator 76, an

average of

supplied

estimator

84 then estimates the noise spectrum, &(kf,), and the channel

spectrum, |H(kfs)|?, for all frequencies used in the probing

signal. Estimator 84 accomplishes this by first computing |B, ,I?

and then using Egs. 11 and 12, described above. Using the

estimates for the noise spectrum and the channel spectrum,

estimator 84 then computes SNR(kf,) in accordance with

Eq. 3'

described above. For the omitted frequency lines, estimator 84

approximates their SNR value by averaging the values of SNR(kf,)

over frequency lines in their vicinity.

Transform logic 86 receives the resulting values

for

SNR(kf,) from estimator 84 and computes the inverse DFT specified

by Eq. 20, above, The output of transform logic 84 is the noise

autocorrelation function described earlier. Finally, a decoder

"SNR module 88 calculates the decoder SNR from the outpuf_of

25

transform logic 86 according to Eg. 21.

Using the approach just described and also as part of step

170 shown in Fig. 2, remote modem 4 then makes a number of local

decisions. Such local decisions help reduce the amount of
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40 - k is a frequency interval index which belongs to a subset of the

I ntegers ranging fromJ[err] through [err]; [err] specifies the | onest
frequency index included in the Iine probing signal; and [err] specifies

t he hi ghest frequency index included in 46. A nodem according to
Claim 45, further characterised in that the phase angles [err] of the

| ine probing signal are selected to achieve a snmall peak-to- average ratio

for the |ine probing signal.
- 25 -
information that needs to be exchanged with local modem 2. (Note
that the local decision procedures to be described are the same
for both modems 2 and 4.) 1In particular and in accordance with
the approach described earlier, remote modem 4 uses SNR(kf,) to
5 compute the decoder SNR's for each baud-rate/carrier-frequency
combination available to it and then selects the best carrier
frequency for each of the available baud rates.
The computed decoder SNR's, the non-linear distortion
indicator, the signal power level of the received signal, as
10 reflected by the AGC setting, and a user specified error
performance requirement are then used to determine for each
-available baud-rate Q, (using the best-carrier-frequency) and the
maximun number of bits per baud I,(Q,) that remote modem 4 can
receive at without violating the performance requiremgni. To
15 determine I,(Q,), modem 4 uses a precomputed conversion table
which is indexed on the basis of the above-identified
information.:
Basically, the conversion table depends upon the modem's
modulation scheme, the coding gain of the coding scheme used, the
20 way those'schémes are implemented, and the error performance
requirements. If trellis precoding_is employed, the relationship
between perfofmance and decoder SﬁR is approximately described by
Eg. 16 above. Nonlinear distortion and receive power level,
however, modify that relationship somewhat. The actual entries
25 in the conversion table can be derived, in part, from empirical

observations and experiments in which the relationship between

This is the rep\acement sheet

Date: 70 J““\QQS



1

47. A nodem according to Caim 45, further characterised in that
the phase angles [err] of the line probing signal are equal to: [err] 48.
A nmodem according to Claim 39, further characterised in that the
nodul e is arranged to perform wei ghted peri odogram averaging to estinate

t he power spectral density of channel noise fromthe discrete spectra
representations of the received |ldpg-probing signal. 49. A nodem
according to Claim 48, further

performance and the decoder SNR, NLD, andl'receive power level is
measured for the particular type of modem being used. .
After L,(Q,) is obtained for all baud rates, remote moden 4
can calculate, for each of the available baud rates Q,, the
5 maximum bit rate R,(Q;) it can receive from local modem 2
according to the following relation:
Ri(Q,) = XL, (Q,)
When the spectrum analysis is completé, line probing
processor 58 stores the results in a decision matrix. Upon
10 completing the entries to the decision matrix, processor 58
- indicates that its matrix is ready (step 180) and remote modenm 4
transmits the information contained in its matrix to local modem
2 over channel B (step 190).
In each modem, the user or the network system may specify a
15 maximum receive bit rate, R,,, and a minimum receive bit rate,
R,..« This user-specified operating range is taken into account
when the modem determines the decision matrix entries. Thus, if
the selected bit rate for a particular baud rate is greater than
R ..» then modem 2 sef:s it to R,,,. Whereas, if the selected bit
20 rate for a particular baud rate is less than R ;,, then hodem 2
sets it to R,, and also sets a flag associated with that baud
rate to indicate that the performance requirement cannot be met
at that baud rate. Note that a user cah force a desired bit rate
by setting R, =R,,~desired rate.
25 THe user also yas the option to disable some (but not all)
of the available baud rates. For example, the user may wish to
nt sheet
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characterised in that the nodule is arranged to also estimte a power
spectrum of the channel response based upon thé discrete spectral
representations of the received line probing signal and to then conpute a
signal -to-noise ratio corresponding to the channel based upon both the
power spectral density of channel noise and the power spectrum of the
channel response. 50. A nodem according to Claim 49, further
characterised in that the power spectrumand the spectral power density of
channel noise are arranged to be est fhdt ed

operate at a specific baud rate. A second flag corresponding to
each of the available baud rates is set to indicate whether that
baud rate ié disabled. |
Of course, other constraints, besides those mentioned above,
5 may also limit the communication options available to modems 2
and 4. For example, a user may require symmetric baud rates or
symmetric bit rates in both transmission directions. Such
additional constraints are stored in the decision matrix of the
corresponding modem and are sent to the other modem along with
10 other relevant information.
Specifically, during step 190, the following information is
sent from the remote modem 4 to local modem 2: ‘
a) the maximum bit rate at which the remote modem can
receive for each of the available baud rates:;
15 b) the best carrier frequency to be used for each of the
available baud rates; |
c) a flag for each of the available baud rates indicating
whether the performance requirement can be met;
d) a flag for each of the available baud rates, indicating
20 whether that baud rate is disabled in the remote modem:;
e) a flag to indicate whether symmetric bit rates are
required for both directions of transmission; and
f) a flag to indicate whether symmetric baud rates are
required for both directions of transmission. |
25 Natﬁrally, some synchronization bits to indicate to

beginning of the data and parity bits for error checking may also

This is the replacement sheet
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goncurrently fromthe sanme received |line probing signal. 51. A nodem

accordi ng to Claim 37, further characterised in that the receiver
further conprises an adaptive filter for providing a desired overal

i mpul se response to a decoder and in that at |east sone of the neasured
characteristics take into account the adaptive - 41 -

- 28 -

be transmitted during this information exchange phase.

Since the decision matrix information is short, it can be
transmitted quickly and reliably by using a sinple, low-speed,
robust modulation scheme which does not require a long training

5 procedufe. In this embodiment, this is achieved by using
Differential-Phase-Shift~Keying (DPSK) at 300 bps. Other
reliable modulation schemes such as low-speed Frequency-Shift-
Keying (FSK) may also be employed.

Processor 54 monitors channel B for the presence of a DPSK

10 signal carrying the decision matrix for channel A from remote
moden 4 (step 200). When the DPSK signal is detected on channel
B, processor 54 activates a DPSK receiver in modem 2 that
includes a timing recovery circuit to provide correct. sampling
phase and then processor 54 decodes the decision matrix from the
15 DPSX signal (step 210).

The DPSK receiver first looks for a synchronization pattern
from the received bit stream. Once the pattern is detected, the
receiver decodes the subsequent bits carrying the decision
matrix. At the same time, the receiver also computes a parity

20 check. At the end of DPSK transmission, this parity is compared
with the one received from the remote modem. If they do not
agree, a DPSK transmission error is flagged.

After modems 2 and 4 have exchanged their decision matrix
information in this manner, they have complete information about

25 - channels A and B, including the operational constraints. Modenm 2

then executes a final decision algorithm to select the carrier

' shee
Thig is the rep\acemem
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52. A nodem according to Caim 51, further characterised in that the
adaptive filter is used in conjunction with trellis precoding. 53. A nodem
according to Caim37, characterised in further conprising a transmtter
adapted for transmtting informati on based upon the neasured characteristic
to the renote device so that the renote device may identify one of said
plurality of bit rates based upon said information and then comruni cate
said identified bit rate to the receiver and in that the selector is
arranged to sel ect the - 29 -

frequencies, baud rates and bit rates to be used for

communication over channels A and B (step 220). Since both

modems 2 and 4 have the same information, they make the same

selections and a further éxchange of final decisions is not
5 required.

The final decision algorithm first checks if any one of the
nodens required symmetric bit rates,'or.symmetric baud rates. 1If
one of modems requested a symmetric baud rate or a symmetric bit
rate, the request is enforced on both modems.

10 - More specifically, if symmetric'baud rates are required, the
decision algorithm checks whether there are allowable baud rates
common to both modems (i.e., baud rates which both satisfy the
performance requirements and are allowed). If such baud rates
exist, modems select the baud rate that maximizes the smaller of

15 the two bit rates. When there are no allowable baud rates common
to both modems, the decision algorithm includes baud rates that
do not satisfy the performance requirement to find a common baud
rate. A possible criterion for determining the reasonable baud
rate may be to use a baud rate whose carrier frequency is closest

20 to ﬁhe center of the frequency band. Since both modemé use the
same criterion to choose this baud rate, they should both reach
the same conclusion and no confusion will occur.

on the other hand, if symmetric baud rates are not required,
the decision algorithm chooses from all of local moden's allowed

25 baud rates the receiver baud rate that maximizes local modenm's

receiver bit rate and it chooses from all of remote moden's
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Jdentified bit rate as said selected bit rate. 54. A nodem according to
Cl aim 39, wherein the received |ine probing signal may include an

i mpai rment (e.g. frequency offset and/or | ow frequency phase jitter), the
nodem bei ng further characterised in that the |ine probing processor
further conprises an offset nonitor adapted for operatively reducing
effects of said inpairnment on the discrete representation of the received
signal prior to its being used to determ ne the power spectral density of

channel noi se.
-30..

allowed baud rates the transmitter baud rate that maxinizes
remote moden's reeeiver bit rate.
After the transmitter and the receiver baud rates for the
two modems are finalized, the best carrier frequencies associated
5 with these baud rates are used as the transmitter and receiver
carrier frequencies. Unless a symmetric bit.rate_}e required,
the maximum bit rate for each of those baud rates is used as the
transmission bit rate for the corresponding modem. If a.
symmetric bit rate is required, the lower of the two bit rates
10 (i.e. the bit rate for the local modem receiver and the bit rate
for the remote modem receiver) is used as the common bit rate.
The main outputs of the line probiﬁg processor are the
transmitter and receiver baud rates, Q, and Q,, the transmitter
and receiver carrier frequencies, £, and £, the transmitter and
15 receiver bit rates, R, and R,, as well as an error code, which |
may indicate some unexpected error during the line probing
process (such as failure in detecting the line probing signal,
failure in synchronization, DPSK transmission error, etc.).
After the line probing is completed, modems go through a
20 training at the selected baud rate and carrier frequencies and
'subsequently begin exchanging actual data at the selected rates.
Although the described embodiment used a four-wire type
modem, it should be understood that this invention could also be
carried out using a two-wire type modem. During full-duplex
25 communication using a two-wire type modem, the.received signals

may, of course, include echo. For purposes of conducting the
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55. A nodem according to Caim 54, further characterised in that
the line probing signal is substantially peri odic and a

di screte spectral representation is generated for each period of the
received line probing signal, and in that the offset nonitor is adapted
operatively to reduce the effects of said inpairnent by first estimating
said inpairnment and then rotating the discrete representation correspondi ng
to a current period of the received |ine probing signal by an anount

determ ned by the estimte of said inpairnent.

- 31 -
line probing measurenents, it is desirable to avoid echoes in the
received signal and this can easily be accomplished by having the
modems conduct the line probing measurements sequentially rather
than concurrently, as in the above-described enbodinent.

5 Other embodiments may include the following features. The
selection of the number of bits per baud may be based on the
neasurement of impairments in additioh to or other than NLD and
receive level. Also, in certain applications, no operational
constraints'may be necessary, in which case, the information

10 exchange between the local modenm and the remote device may be
simplified. For example; each modem could immediately select its
respective bit rate and the transmission band based upon its
channel measurement and then exchange its final decision with the
other modei; in éd@itiﬁn, other exchaﬁge protocols may be used.

15 Further, thé seleétion of the transmission band may be based only
on the measured frequency response of the channel and may not
require measurement of the noise spectrum. Also, baseband data
transmission may be employed instead of the passband transmission
used in the described embodiment.

20



~

56. A nmodem according to Caim 55 further characteriséd’in that

the offset nonitor is adapted operatively to estimte sal nt by
conparing the discrete spectral representation cor Qﬂﬂﬂ
g

current
period of the received Iine probing siggal_to a re ral * derived
from the _di ete spectral representations corre§pond|ng to at | east one
previous pEEESEOf the received |L0g ProRh "dath0nnt erom a remote

device over a communication channel by using a single
carrier modulated signal, the moden comprising:

a recelver for operatively receiving the modulated
signal and being capable of receiving the modulated signal
over any one of a plurality of frequency bands; and

a selector adapted for operatively selecting one
of the gﬂuraiity of frequency bands based upon measured
characteristics of the channel, for use for receiving the
modulated signal from the remote device; said modem being
characterised in that said receiver is adapted for
operatively additionally receiving a line probing signal

sent by the remote device over the channel, said line probing
signal simultaneously stimulating more than one of said plurality
of frequency bands; and in further comprising a line probing
processor adapted for measuring charaéteristics of the channel
based upon the received line probing signal.

2. A nodem according to Claim 1, further
characterised in that the line probing processor comprises:
a spectrum analyzer adapted for generating
discrete spectral representations of the received 1line
probing signal: and
a mnodule adapted for estimating a frequency
response for the channel based -upon the discrete spectral
fepresentations of the received line probing signal, the
frequency response beinq estimated at more than one
frequency.
3. A nrnodem according to Claim 1, further
characterised in that the line probing processor comprises:
a spectrum énalyser adapted for generating
discrete spectral representations of the received line
probing signal; and a module adapted for estimating a power
spectral density of channel noise based upon the discrete
spectral representations of the received 1line probing
signal. ‘
4. A modem according to any of Claims 1, 2, or 3,
This is the replacement sheet
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-42 - 57,

pr obi ng si gnal

A nodem according to Cdaim 37, further rdesed i n
that the line probing processor conprises: a s'peci 'Iiuwj @mﬂﬂleapt ed
for generating discrete spectral representations’ e | ine

and a nodul e adapted for3¥onputing a nonlinear distortion

I ndi cator basege4POPhhPscHesEEele BReehatl tiepr asdullatednss fnahe isecei ved
| i ne probing signal

linearly modulated signal, in that sach one of said
plurality of frequency bands is characterised by a
corresponding-baud rate and carrier frequency, and in that
the modulated signal from the remote device is received at
the corresponding baud rate associated with the selected
frequency band.

5. A modem according to Claim 4, further
charactérised in that the carrier frequencies of two or more
of said plurality of frequency bands are the sanme.

6. A  moden according' to Claim 4, further
characterised in that the linearly modulated signal is a
quadrature amplitude modulated signal.

7. A modem according to Claim 1, further
characterised in that the measured characteristics include
a frequency response of the channel.

8. A modem according to Claim 1, further
characterised in that the receiver includes an adaptive
filter for providing a desired overall impulse response to
a decoder, and in that at least some of the measured
characterised take into account the adaptive filter.

9. A mnmodem according to Claim 8, further
characterised in that the adaptive filter is wused in
conjunction with trellis precoding. _

10. A modem according to Claim 1, further
characterised in that the measured characteristics further
include a signal-to-noise ratio of the channel measured at
rnore than one frequency.

11. A modem according . to Claim 1, further
characterised in that the 1line probing signal is a
substantially periodic signal.

12. A modem according to Claim 11, further
characterised in that the line probing signal is of the
form: X(t) = A I,cos(2xkfat + 8,),

where x(t) represents the line probing signal;
t is a time variable;

A is a constant;

fs is-a frequency resolution; < {he replaceme
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58." A nodem _ accor di ng to CI aim 37, further char.acter i~sed—-'rﬁ tthat the

receiver conprises a monitor circuit adapted for neasurln evel of
the received |line pr obi ng si gnal , and in ‘Im “ tuH ured
characteristics include a quantity deri éd=from the evel .

59. A nmethod flor 1&sramtiagf fpdd@muni cation condit i ons in alocal rmdem
whi ch receives daIa sent by a renote device_over_ a receiver channel in the

formof a firstX sthg? L ERFREREY nbfteEral SRER%I Whisdt H919ngsS ¥R A nodem i s

capabl e
subset of the integers ranging from X, through X,:

X, specifies the lowest frequency index included in the
line probing signal; and

k, specifies the highest freque.ncy index included in
the liﬁe probing signal.

13. A modem according to Claim 12, further

characterised in that the phase angles ¥9x ©of the
line probing signal are selected to achieve a small peak-to-

average ratio of the line probing ‘signal.
14. A modem according to Claim 12, further

characterised in that the phase angles ¢, of the
line probing signal are equal to:
= *(k‘kz)zl(k ~k,) _

15. A modem according to Claim 3, further
characterised in that the module is arranged to perform
weighted periodogram averaging to estimate the power
specti'al density of channel noise based upon the discrete
spectral represeritations of the received 1line probing

signal. _ L _
16. A modem according to Claim 15, further

characterised in that the module is arranged to also
estimate a power spectrum of the channel response based upon
the discrete spectral representations of the received line
probing signal and to then compute a signal-to-noise ratio
corresponding to the channel based upon both the power
spectral density of channel noise and the power spectrum of

the channel response. _
) 17. A modem according to Claim 16, further

characterised in that the power spectrum of the channel
response and the power spectral density of channel noise are
arranged to be estimated concurrently from the same received
line probing signal. '

18. A  modem according to Claim 16, . further
characterised 'in that the receiver further comprises an
adaptive filter for providing a desired overall impulse

“This is the replacement sheef
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Qf receiving the first nodul ated signal over any one of a first plurality

of frequency bands, the nethod conprising the steps of: a. sendi ng a
first line probing signal fromthe renote deV|ce g m over
the receiver channel, said |ine probing signal rlwn Mcuﬁﬁmﬂﬁ | ati ng
more than one of said plurality of frgguency bands if. recdivfng*the first

l'i ne probi nge sl&nad 'tg tyed'e%aterrr%@@ﬂtﬁe @&aawae-ﬁsfé@c&auatlfss of the
recelver C“&‘é‘é‘eeénfr?éf rerdive to the catput of tne adiptivadssigoal and

19. A modenm according to Claim 18, further
characterised in that the adaptive filter is used in
conjunction with trellis precoding.

20. A modem according to Claim 1, characterised in
further comprising a transmitter adapted for operatively
transnmitting information based upon the measured
characteristics to the remote device so that the remote
device may identify one of said plurality of frequency bands
based upon said transmitted information and then communicate
said identified band to the receiver, and in that the
selector is arranged to select the identified band as said
selected band.

21. A modem according to Claim 3, wherein the received
line probing signal may include an impairment (e.g.
frequency offset and/or low frequency'phase jitter), the
modem being further characterised in that the line probing
processor further comprises an offset monitor adapted for
operatively reducing effects of said impairment on the
discrete representation of the received signal prior to its
being used to determine the power spectral density .of
channel noise.

22. A modem according to Claim 21, further
characterised in that the 1line ©probing signal |is
substantially periodic and the discrete spectral
representations are generated for each period - of the

" received line probing signal, and in that the offset monitor
is ‘adapted operatively to reduce the effects of said
impairment by first estimating said impairment and then

rotating the discrete representation corresponding to a current

period of the received line probing signal by an amount
determined by the estimate of .said impairment.

23. A modem according to Claim 22, further
characterised in that the offset monitor is adapted
operatively to estimate said impairment by comparing the
discrete spectral representation corresponding to the
current period of the received line probing signal to a

This is the replacement sheet
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d. sel ecting one of the first plurality of frequency bands based upon the

measured characteristics of the receiver. channel, sai Il"ml ﬂm t he
first plurality of frequency bands to be used for rec ﬂﬂ uﬂﬂru I
nodul ated signal fromthe renote device.360. A method dccébrdbng!td C*aim
59, wherein the nDden1tnamyEtsddata to the re@ﬁéadgvlce %éeréiectral

transmtter

1sCre

reference signa erived from

representations corresponding to at least one previous
period of the received line probing signal.

24. A modem according to Claims 2 or 3, further

characterised in that the discrete spectral representations

of the received line probing signal are M-point Discrete

Fourier Transforms. _ _
25. A modem according to Claim 1, further

' characterised in that the receiver is also capable of

receiving the modulated signal at any one of a plurality of
bit rates, and in that the modem further comprises logic for
selecting one of the plurality of different bit rates based
upon the measured characteristics of the receiver channel,
said selected bit rate to be used for receiving the

modulated signal from the remote device. _
26. A modem aécording to Claim 25, further
characterised in that the line probing processor comprises:
a spectrunm analyzer adapted for generating

‘discrete spectral representations of the received 1line

probing signal; and
a module adapted for computing a nonlinear
distortion indicator based upon the discrete spectral
representations of the received line probing signal. _
'27. A modem according to Claim 25, further
characterised in that the receiver comprises a monitor
circuit adapted for measuring a power level of the received
line probing signal, and in that the measured
characteristics include a quantity derived from the received
power level. e e
~ 28. A modem for transmitting data to a'femote device

over a communication channel by using a single carrier

modulated signal, the modem comprising:
a transmitter for operatively transmitting the

modulated signal to the remote device over the channel, the
transmitter being capable of transmitting the modulated
signal over any one of a plurality of frequency bands;

a receiver for operatively receiving This is the replacement shee
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-43" - channel by using a second single carrier nodul ated si naI
capabl e of sending the second signal over any one of”ﬂlﬂﬁ % Hll@i‘ ty of
frequency bands, the nethod further conprising the ng a

second |ine probing S|gnal fromthe Iocal nndenlto t he renote device over

the transnmitter channel:. b. receiving the’sécond |ine problng si.gnal .in the
renot e deW(ﬁ?aEﬁc¥ﬁ%&ﬁﬁ¥?% efakhet ehpaneds fgon Hd1¢ raeRatet ?Véﬁﬁnnépd
based a selector adapted for operatively selecting one of the

plurality of frequency bands based upon measured channel
characteristics for use for transmitting the modulated
signal to the remote device; said modem being characterised
in further comprising a signal generator adapted operatively
to generate a line probing signal, in that said transmitter
is adapted additionally to transmit said line probing signal
to the remote device over the channel, in that said line
probing signal is arranged simultaneously to stimulate more
than one of said plurality of frequency bands, and in that
said channel characteristics are derived by the remote
device from the transmitted line probing signal.

29. A modem according to Claim 28, further
characterised in that the modulated signal is a linearly
modulated signal and in that each one of said plurality of
frequency bands is characterised by a corresponding baud
-rate and carrier frequency. _ '

30. A modem according to Claim 29, further
characterised in that the 1linearly modulated signal -is a
quadrature amplitude modulated signal.

31. A modem according to Claim 28, further
characterised in that the measured characteristics include
a frequency respdnse of the channel.

32. A mnodem according to Claim 28, further
characterised in that the measured characteristics further
include a signal-to-noise ratio of the channel measured at
more than one frequency.

33. A modem - according to Claim 28, further
characterised in that the 1line probing signal is a
substantially periodic signal.

34. A modem according to Claim 33, further
characterised in that the 1line probing signal is of the
form: X(t) = A S,cos(2xkfyt + 4,),

where x(t) represents the line probing signal;

t is a time variable; L
This is the replacement sheet
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,upbn the received second |ine probing signal; and d. selecting one.of the
second plurality of frequency bands based upon the freasured characteristics

of the transm ssion channel, said selected one of t “‘ity of
frequency bands to be used for sending gge-second @_g t“ o the
i

renote device, 61, A pethod for estfb%lsh[ng comu n ceonditi‘ons in a
| ocal nodem wha A etk SRRCRGY 2T SBATUBYCR  renvt e devi ce over a recei ver

channel in the formof, a firs ingle carrier nodul ated signal, wherein the
modem i s capag‘l ¢ of? phase énélé,

k is a frequency interval index which belongs toa
subset of the integers ranging from k, through X,;

k, specifies the lowest frequency index included in the
line probing signal; and

k, specifies the highest frequency index included in
the line probing signal.

35. A modem according to Claim 34, further
characterised in that the phase angles §, of the
line probing signal are selected to achieve a small peak-to-
average ratio for the line probing signal.

36. A modem according to Claim 34, further
characterised in that the phase angles fx of the line
probing signal are equal to: |

i = x(kk) Y (k) B

37. A modem for receiving data sent from a remote
device over a communication channel by using a single carrier
modulated signal, the modem comprising: -

a receiver for operatively receiving the modulated
signal and being capable of receiving the modulated signal
at any one of a plurality of bit rates; and a selector
adapted for operatively selecting one of the plurality of
bit rates, based upon measured characteristics of the
receiver channel for use for receiving the modulated signal
from the remote device; said modem being characterised in

that said receiver is adapted for additionally receiving a
line probing signal sent by the remote device over the
channel; and in further comprising a line probing processor

- adapted for measuring characteristics of the channel based
upon the received line probing éignal.

. 38. A modem according to Claim 37, further

characterised in’'that the line probing processor comprises:

a spectrum analyzer adapted for generating

- discrete spectral representations of the received 1line

probing signal; and This is the replacement shee
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kecei ving. the f1 Pst rmdul at ed si gnal at any one of a i st w df-_'-:_'-.“bi £
l vers

rates, -the method- corrprlsr ng: t'he steps. ofi senddm\mm rdbi ng
signal fromthe renote device to the |ocal nDdento channe

b. receiving the first |ine probing si gnal9 +-n the | otal® m)dem C. neasuri ng
characteristics of the rerc:el ver %e{é U on the recelv dfirst line
probi ng signal; and THHCRY es
based uponr’elsgomestfb&dthmrdlﬁrﬁte]stbmd)fupdm ttmeiimreﬁmmpéctsald '
sel ected OQ‘%p?:ese % flJ.ro%ts p(l)y %&1 yré)ée:{)\'réd &%% S li) gjs s:Lgnal the
frequency response being estimated at more than one
~ frequency. = .
39. A modem according .to Claim 37, further
characterised in that the line probing processor comprises:

a spectrum analyzer adapted for generating
discrete spectral' ‘representations of the received line
probing signal; ‘and a module adapted for estimating a power
spectral density of channel noise based upon the discrete
spectral representations of the received 1line probing
signal. | '

40. A modem according to any Claims 37, 38, or 39,
further characteri'sed in that the modulated signal is a
linearly modulated signal. '

41. A modenm according to Claim 40, further
characterised in that the linearly modulated signal is a
quadrature amplitude modulated signal.

42. A modem according to Claim 40, further
characterised in that the measured characteristics include
a frequency respbnse of" the channel.

43. A modem according to Claim 37, further
characterised in that the measured characteristics include
a signal-to-noise ratio of the Channel measured at more ‘than
one frequency. -

44. A nodem according to Claim 37, = further
characterised in "~ that the 1line problng signal is a
substantially per:.odlc signal.

45. A modem according to Claim 44, further
characterised in that the line probing SJ.gnal is of the
form: X(E) = A Tcos(2xkf,t F 4,),

where x(t) represents the line probing 51gnal,
t is a time variable; -

A is a constant;

f, is a frequency resolution: o
° ' = d _ This is the replacement sheel
6, is a phase angle:;
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 or receiving the first nodul ated signal fromth - 44 -
62. A method according to Caim®61l, V\/nereln the lgata to the
renote device over a transnmtter channel u5|n carrier

nodul at ed si gnal and i s capabl e of sendi t‘he .
k is a frequency interval index which belongs to a

subset of the integers ranging from Xk, through | 9
k, specifies the lowest freqﬁency index included in the
line probing signal; and
k, specifies the highest frequency index included in

46. A moden according to Claim 45, further
characterised -in that the phase angles fx Of the
line probing signal are selected to achieve a small peak-to-
average ratio fof.the line probing signal.

47. A modem according to Claim 45, further
characterised in that the phase angles ¢, of the
line probing signal are equal to:

8, = x(k=X;)%/ (k,~X,)

48. A modem according -to Claim 39, further
characterised in that the module is arranged to perform
weighted periodogram averaging to estimate the power
spectral density of channel noise from the discrete spectral
representations of the received line probing signal. '

49, A mbdem according to Claim 48, further
characterised. in that the module is arranged to also
estimate a power spectrum of the channel response based upon
the discrete spectral representations of the received line
‘probing signal and to then compute a signal-to-noise ratio
corresponding - to the channel based upon both the power
spectral density of channel noise and the power spectrum of
the channel response.

50. A modem according to Claim 49, further
characterised in that the power spectrum and the spectral
power density of channel noise are arranged to be estimated
concurrently from the same received line probing signal.

51. A modem according to Claim 37, further
characterised in that the .receiver further comprises an
adaptive filter for providing a desired overall impulse
response to' a decoder and in that at least somé of the
measured characteristics take into account the adaptive
filter. the [ep\acemem sheet
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second signal at any one of a second plurality of. b| t hod
further conprising the steps of: a. sendi ng a. se m wmﬁ E&‘!ﬁ Si gnal
fromthe |l ocal nbpdemto the renote device gver the nne
receiving the second |ine probing signalr i*n The renote device;

measuring charasgeri ati chRodémt heatcandimgt erteharcidimasest uporﬂiﬁ‘mer
ecelved oggapdeLLatsR0tAS BARelcnand e el SLL08OTE: O P, 35ron
transm ssioonjunction with trellis precoding.

53. A modem according to Claim 37, characterised in
further comprising a transmitter adapted for transmitting
information based upon the measured characteristic to the
remote device so that the remote device may identify one of
said plurality of bit rates based upon said information and
then communicate said identified bit rate to the receiver
and in that the selector 1is arranged to select the
identified bit rate as said selected bit rate. |

54. A modem according to Claim 39, wherein the
received line probing signal may include an impairment (e.q.
frequency offset énd/or low frequency phase jitter), the
modem being further characterised in that the line probing
processor further comprises an offset monitor édapted for
operatively reducing effects of said impairment on the
discrete representation of the received signal prior to its
being used to determine the power spectral density of
channel noise.

55. A modem according to Claim 54, further
characterised in that the 1line probing signal |is
substantially periodic and a discrete spectral
representation is generated for each period of the received
line probing signal, and in that the offset monitor is
adapted operatively to reduce the effects of said impairment
by first estimating said impairment and then rotating the
discrete representation corresponding to a current period of
the received line probing signal by an amount determined by
the estimate of said impairment.

56. A mnodem according to Claim 55, further
characterised in that the offset monitor is adapted
operatively to estimate said impairment by comparing the
discrete spectral representation corresponding to the
current period of the_redeived line probing signal to a
reference signal derived from the discrete sﬁectral
representations corresponding to at 1least one previous

3 d - 2 3 ] '3 .
period of the received line probing signal This is the replacement sheet
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ﬁchvannel, sai d sel ected one of the second plurality of R used
for sending the second nodul ated signal to the rem)teuﬂm!l‘m‘m“““ml
_ 42 - . * € L W S
57. A modem according to <Claim 37, further
characterised in that the line probing processor comprises:
a spectrum analyzer adapted for generating
discrete spectral representations of the received 1line
probing signal; and |
a module adapted for computing a nonlinear
distortion indicator based upon the discrete spectral
representations of the received line probirig signal.

58. A modem according to Claim 37, further
characterised in that the receiver comprises a monitor
circuit adapted for measuring a powef level of the received
line probing signal, and in that the nmeasured
characteristics include a quantity derived from the received
power level. | |

- 59. A method for establishing communication conditions
in a local modem which receives data sent by a remote device
over a receiver channel in the form of a first single
carrier modulated signal, wherein the local modem is capable
of receiving the first modulated signal over any one of a
first plurality of frequency bands, the method comprising.
the steps of:

a. sending a first line probing signal from the
remote device to the local modem over the receiver channel,
said line probing signal simultaneously stimulating more
than one of said plurality of frequency bands: |

b. receiving the first line probing signal in the local modem;

c. measuring characteristics of the recei&er channel based upon
the received first line probing signal; and

d. selecting one of the first plurality of frequency tands
based upon the measured characteristics of the receiver
channel, said selected one of the first plurality of
freQuency bands to be used for receiving the first nodulated

signal from the remote device.

60. A method according to Claim 59, wherein the modem

transmits data to the remote device over a transmitter
This is the replacement sheet
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channel by using a second single carrier modulated signal

and is capable of sending the éecond signal over any one of
a second plurality of frequency-bands, the method further
comﬁrising the steps of:

a. sending a second line probing signal from the local modem to
éhe remote device over the transmitﬁer channel;

b. receiving the second line probing signal in the remote
device;

c. measuring characteristics of the transmitter channel based
upon the received second line probing signal; and

d. selecting one of the second plurality of frequency bands
based upon the measured characteristics of the transmission
channel, said selected one of the second plurality of
frequency bands to be used fo: sending the second modulated

signal to the remote device. :

' 61. A method for establishing communication conditions
in a local modem which receives data sent by a remote device
over a receiver channel in the form of a first single
carrier modulated signal, wherein the modem is capable of
receiving the first modulated signal at any one of a first -
plurality of bit rates, the method comprising ‘the steps_of:

a. sending a first line probing signal from the remote device
£o the local nmodem over the receiver channel;

b. receiving the first line probing signal in the local noden;

C. measuring characteristics of the receiver channel based upon
the received first line probing signal; and

d. selecting one of the first plurality of bit rates based upon
the measured characteristics of the receiver channel, said

selected one of the first plurality of bit -rates to be used

for receiving the first modulated signal from the remote

. - eet
device. ' This is the rep\acemem sh
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62. A method according to Claim 61, wherein the moden
transmits data to

the remote device over-a transmitter channel by using a second
single carrier modulated signél and is capable of sending the
second signal at any one of a second plurality of bit rates, the
zethod further comprising the steps of:

a. sending a.second line'probing signal from the local modem to

the remote device over the transmitter channel;

‘b, receiving the second line probing signal in the remote
device; |
c. measuring characteristics of the transmitter channel based

ypon the received second liné probing signal:. and

d. selecting one of the second plurality of bit rates based
upon the measured characteristics of the transmission
channel, said selected one of the second plurality of bit
rates to be used for sending the second modulated signal to

the remote device.
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