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TECHNI QUE FOR COVPENSATI NG FOR | NTERSYNBOW®#to2t-0 <
,NTERFERENCE ~ Techni cal, Field The present invention relates to
comuni cations systens and nore particulafly to a technique for
conpensating for intersynbol interference incurred in a comrunications
channel . Background of the lnventiaon j deal of research

has been perforned on a sﬁ@ﬂN@UEd&Br(ﬁpM%ﬁNsﬂng@ﬁg?aésponse signaling
(GPRS) " technique. This tecNTERSYMBOEANTERFERENCE

Technical Field
The present invention relates to communications systems and more
5 particularly to a technique for compensating for intersymbol interference incurred in
a communications channel.
Background of the Invention
A great deal of research has been performed on a so-called "generalized
partial response signaling (GPRS)" technique. This technique is used in a

10 communications system to prevent a transmitted signal from being adversely
affected by intersymbol interference incurred in a communications channel. As is
well known, the intersymbol interference results from the fact that a typical
communications channel inherently has memory such that the signals previously
transmitted through the channel interfere with the current, transmitted signal. In

15 accordance with the GPRS technique, a nonlinear filtering device is employed in the
transmitter to precode the signal to be transmitted, and this precoding process effects
a compensation for the ensuing intersymbol interference affecting such signal.
Details on the GPRS technique can be found in: M. Tomlinson, "New Automatic
equalizer employing modulo arithmetic,” Electron. Lett., Vol. 7, nos. 5/6, Mar. 1971,

20 pages 138-139; H. Harashima and H. Miyakawa, "Matched-transmission technique
for channels with intersymbol interference," IEEE Trans. Commun., Vol. COM-20,
August 1972, pages 774-780 and J. Mazo and J. Salz, "On the Transmitted Power in
Generalized Partial Response,” IEEE Trans. Commun., Vol. Com-24, March 1976,
pages 348-352, all of which are hereby incorporated by reference.

25 There are arrangements in the prior art which involve the use of the
GPRS technique, coupled with transmission of signal points selected from a
multidimensional signal constellation wherein the signal points are regularly spaced.
Invariably, after these prior-art arrangements process the selected signal points using
the above-mentioned precoding process, the resulting signal points to be transmited

30 spatially occupy a square region. As a consequence, the average transmission power
required to transmit these resulting signal points are oftentimes undesirably higher
than the average signal power required by the signal constellation used. Although
this increase in the average power can be avoided by using signal consteilations
having a square shape, the sizes of the square constellations are, however, limited to

35 N? and 2N? signal points, where N is an even integer. As a result, the square

constellations, because of their particular sizes, do not always allow the full
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comuni cations syStemto prevent a transmtted signal from being adversely
agf fected by intersynmbol interference incurred in a comuni cations channel .
As is well known, the intersynbol interfefence results fromthe fact that
a typical comunications channel inherently has nenory such that the
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348-352, al | fuashishapeasdn fas pigr arh corsalizaathedepiyable saving inghe transmission
10 power. These various shapes include polygons each having more than four sides.
By virtue of the polygonal constellation shapes, the signal points to be transmitted
after the GPRS precoding occupy a region substantially identical to that of the signal
constellation having one such shape.
More particularly, the present, polygonal shapes are so designed thata
15 signal constellation in one such shape can be fully interwoven with its translated
versions throughout a plane, without leaving any interspace for additional signal
points. This being so, the average transmission power needed to transmit those
signal points is advantageously no more than the average signal power required by
the signal constellation.
20 Brief Description of the Drawing
In the drawing,
FIG. 1 is a block diagram of a transmitter utilizing a precoding scheme
embodying the principles of the invention;
FIG. 2 shows a signal constellation illustratively used in the transmitter

7,

25 of FIG. 1;
FIG. 3 shows the signal constellation of FIG. 2 which is fully
interwoven with its translated versions in a X-Y plane.
FIG. 4 is a block diagram of a receiver communicating with the
transmitter of FIG. 1;
30 FIG. 5 shows a configuration of allowed sxgnal points used for decoding
in the receiver of FIG. 4;
FIG. 6 is a second embodiment of a transmitter utilizing the precoding
scheme embodying the principles of the invention;
FIG. 7 shows a signal constellation illustratively used in the transmitter
35 of FIG. 6;
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There are arrangenents in the prior art which involve the use of the GPRS
techni que, coupled wth transm ssion of signal points selected froma

frul ti di nensi onal signal constellation wherein the signal points are

regul arly spaced. Invariably, after these3p'ri or-art arrangenents process
the sel ected signal points using the above-nentioned precodi ng process, the
resul ting signal poi NGt 8 i9£ blocR A Frdrh ©f 2 YRl leddveYy S&EiBRYN @ ré&@itaEe region.
As a consequence, the, aver gge transm sstjtﬁg%pomer required to transmt these
resul ting si giPAPIBECARRS %“g b raReso $rably higher than the average
si gnal power required HiG, 9BRows 80aAfigefidnedf aAlowed sithabpoiftstuled &t debbdin

I ncrease in the average power .can voi ded by using signal constellations
havi ng a squdf‘éhgﬁ%l[ﬁéfg‘:Q‘)f%@' gepgggoggfq&eag uare constell ations are, however,

linmted to5Nerr] andEIG[ &0 i a gérgnalsignal comstellation forMse svidithep@godipgeger . As
aresult, the °§%A?Efga§°???‘§atﬂ ICIV;%Htgg%ng&Quse of their particular sizes, do

not al ways al]
Detailed Description

FIG. 1 illustrates transmitter 10 embodying the principles of the present
invention. Data source 110, which may be a computer, supplies a data bit stream to
10 transmitter 10 at 484 Kb/s. In this particular illustrative embodiment, each channel
symbol to be transmitted represents 5.5 data bits. This being so, the symbol rate is
484 /5.5 =88 KHz (or a symbol every T = 1/88 ms). Since transmitter 10
communicates at a fractional bit rate of 5.5 bits/symbol and encodes, in a manner to
be described, the incoming data bit stream with a trellis code, particularly relevant to
15 the design of transmitter 10 is U.S. Patent 4,941,154, issued July 10, 1990 to Wei,
which is hereby incorporated by reference.

Specifically, scrambler 120 in transmitter 10 scrambles, in a standard
way, the incoming data bit stream. The resulting bit stream is applied to serial-to-
parallel converter 130, which aggregates two symbols’ worth of bits to provide 11

20 bits onleads 131, 132 and 133 in the proportions of 3 bits, 4 bits and 4 bits,
respectively. These leads extend to circuitry which includes fractional-bit-rate
encoder 140 and parallel-to-serial (P/S) group converter 150. The eight bits
appearing on leads 132 and 133 are not actually processed by encoder 140 but,
rather, pass directly through it. The remaining three bits on lead 131 are processed

25 by inner/outer encoder 141. This encoder is illustratively a simple logic-gate
arrangement which respectively provides first and second bit-pairs on leads 142 and
143. The input and output of encoder 141 bear the relationship described in the
following TABLE I:
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of a.given channel capacity. Accordingly, it
have ot her signal constellations which, |ike the square
ns, each call for an average transm ssion power no nore th

si gnal power required by the” élgnal constel |l ati on when used

with the GPRS technique. Summary of the Invention I n
accordance V\ATF h the invention, the si gﬁ%gggst ellations, used in
vith the GPRS technique, ne various _shapes, other t
ape ﬁfm{ Bt b&?erf%%or art to r%\ utpl Cof x“ﬁ:rﬂﬁ?ér ﬁpéa%rslii“ ng in
inner/outer encoder 141 First bit-pair pattern Second bit-pair pattern
000 00 00
001 00 01
010 01 00
011 01 01
100 10 00
101 10 01
110 00 10
111 01 10

10

15

20

25

The output of encoder 140 is applied to parallel-to-senial (P/S) group
converter 150. The latter operates, in an alternate fashion, in either a first mode or a
second mode. In the first mode, coder 140 passes the bit-pair on lead 142 on to lead
152 within P/S group converter 150, and it also passes the four bits on lead 132 on to
lead 153 within the same. In the second mode, coder 140 respectively passes,
instead, the bit-pair on lead 143 on to lead 152 and the four bits on lead 133 on to
lead 153. In either mode, two of the four bits on lead 153 append to the bit-pair on
lead 152 to form a 4-bit word on lead 155, which extends to 96-point 2-dimensional
(2D) constellation mapper 180. At the same time, the remaining two bits on lead 153
are fed to 2D trellis encoder 170. This encoder implements, in this case, a standard,
rate 2/3 wrellis code and generates a three-bit word on lead 171, which also extends to
constellation mapper 180. The trellis code used here desirably provides coding gain,
which, in general, refers to the increased performance of a system resulting from the
use of a particular code. Specifically, coding gain is defined as the amount by which
the signal-to-noise ratio (SNR) may deteriorate for a system utilizing that particular
code before the bit error rate for this system equals that of the the same system |
without using the code. ' |

The function of constellation mapper 180 is to select, in response to its
input, a signal point from a predetermined signal constellation. Refer now to FIG. 2
as well as FIG. 1. The former illustrates a signal constellation used in the present
embodiment in accordance with the principles of the invention. This signal
constellation includes 96 signal points regularly spaced in a cruciform region R,
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power. These vari-ous shapes include pol ygons each having nore than four
sides. By virtue of the polygonal constellation shapes, the signal points

to be transnmitted after the GPRS precodi ng_occupy a region substantially
identical to that of the signal constellation having one such shape.
Mre particular]y, the present, polygonal shapes are so designed that a

si gnal const ewhighidsfinesthe lomaire pf theeasteationeEach ofjthe sizaaleniats belangs ta
transl ated V&iéémgmtshwgfagusczgg& bk tré!m%] bos dés 'ﬂ%s@@?%ht SjtResARce for

addi ti onal nal p0| nts I n e aver ge transm ssi on power

needed to tra 3 theQugh ki Bnfart, gas f@‘b‘éwéfﬂ/@hleéé Jhdgsptifiss tore than t he

average si gna¢orRafion GpbECIROPY partibslaf bwad me e?ﬁ @&Hseislfﬁﬂn whitH @§1gna1
Descri ptlo of the

s a bl ock %di B@F%ﬁsg{“’??dt Al hawrin EIG. Izlaﬁ Fﬂj P&“ﬁ‘i“é@ﬁ%ﬁc%cds\‘fﬁbl‘@ %&‘B’édy?ﬂg
the princi pl epoiffs, hﬁtﬁeach\tfmlﬁé Bﬂikpattems 1s made up oﬁo@r bﬁs stKiiongh Shedadsbciated
constellati Onbllt-I Ia X § ﬁ/a?fl the lélsg%al pomts in F&éaf'are not exphcltly shown, the omitted
patterns can, however, be easily determined based on the illustrated patterns. In fact,
the signal points with the omitted patterns assume the same patterns of their
10 counterparts which can be obtained by a 180 degree rotation about the origin.) This
being so, constellation mapper 180 selects a particular signal point from the already
identified subset by matching the aforementioned 4-bit word on lead 155 with one of

these bit-patterns.

1

It should be pointed out at this juncture a number of important atiributes

15 possessed by the constellation of FIG. 2, which attributes are common to the
constellations used in GPRS systems in accordance with the invention. These

- important attributes can be demonstrated by way of FIG. 3. At the center of FIG. 3 is
the constellation of FIG. 2 enclosed in the region R. Surrounding the region R and
repeated throughout the X-Y plane are a virtually limitless number of constellations,

20 each having the same cruciform shape as R. A closer look reveals that these
surrounding constellations are individual translated versions of FIG. 2. As seenin
FIG. 3, because of the particular shape of the constellation of FIG. 2, such a
constellation can be interwoven with its translated versions having the same shape
throughout the X-Y plane, without leaving any interspace for possible additional

25 signal points. Moreover, the signal points in R and the translated versions form a
regularly-spaced, rectangular lattice. Similarly, the signal points of individual
subsets a through h also form their corresponding rectangular lattices. It can be
shown that all of the above-described attributes are important for realizing the
coding gain provided by the trellis code when used with the GPRS technique.

30 Return now to FIG. 1. During the n® signaling interval, constellation
mapper 180 provides, on lead 181, a complex signal having a value I, +1Q, (where
i=v=1 ) -whei‘e'ln and Q, respectively represent the in-phase and quadrature-
phase components of the selected signal point. In terms of the constellation diagram
of FIG. 2, these in-phase and quadrature-phase components are equivalent to the “x”

35 and "y" components of the selected signal point. Lead 181 extends to generalized
partial response precoder (GPRP) 185 which performs GPRS precoding to its input
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of FIG 1; . FIG 3 shows the signal constellation of FIG 2
which is fuIIy I nterwoven with its translated versions in a X-Y plane.

FIG 4 is a block diagramof a receiver co nicating with the transmtter
of FIG 1, FIG 5 shows a conffguration of allowed signal
poi nt's used for decodi ng in the receiver of FIG 4; FIG 6 is a

second enbodi signal toprevent mtsaymbarinterierdnee figmnt imiasiqxg octhditragsmsistedrsignahbodyi ng

the principles of the Q%S?&ltédes suPﬁact?r 187 h ln%ﬁ&@f% @?Wb-order

constellation illustrativel ansm
transversal filter 190 Subtracter 187 receives as an input from Mth-order transversal

filter 109 a signal whose value is sy + i s, and receives as another input the

5 aforementioned complex signal on lead 181. After performing a subtracting
operation, subtracter 187 provides to nonlinear device 189 a complex signal having a
value X +iaf = (I, - sX) +i(Q, - s). Nonlinear filter 189 thereupon performs a
nonlinear function F on its input signal. The value of the output signal generated by
this device is denoted vi + i v} and is defined as follows:

10 vi +ivi=F(of +ia) = (ol +ial)+n;(L +1i3L/2) + nya(L —i3L/2), (1

where n; and n4 are integers whose values are chosen in such a way that the point
(vy, Vi) (i.e., having an x-coordinate = v} and a y-coordinate = v} ) is within the
region R of FIG. 2; and L is defined to be half the maximum width of the region R,
as shown in FIG. 2.

15 The output of nonlinear device 189 appears on lead 192 and is processed
by complex shaping filter 195 in a manner to be described. This output signal is also
fed back to Mth-order transversal filter 190 which generates the aforementioned
signal having the value s} + i s, which is defined in accordance with the following
formula:

20 sy +1s} = (P, By ). (2)

In this expression, B, is an (Mx1) matrix, or vector, comprised of the M most recent
inputs to transversal filter 190. That is,

i . )
Vi-1 + i Vi
vi-2 + 1 Vi

va-m + i vi_m

e -

where M is a finite in'ieger. The value of M is determined based on the
25 characteristics of the channel used. (In the present embodiment, the channel is,

"l



FIG 8 is a block.diagramof a data recovery section in a receiver

communi cating with the transmtter of FIG 6; FIG 9 shows a
configuration of allowed signal points useg for decoding in the data
recovery section of FIG 8; and FIG 10 is a generic signal

constellation for use with the precoding schene in accordance with the
i nvention. Ddltustrasiyelveaclacal jogn” of the type used in a stagdard telephpnecablequetwork to

transmtter 1QoRARQAHEBel PRAMENS aRleRRaIAiffitd) AnBGS 8HAventionally a 24 gauge
two-wire cable having no bridge tap and a maximum length of 18 Kft. The value of
M associated with such a local loop has been experimentally determined to be 7.)
5 P, is an (Mx1) vector or matrix comprised of an ensemble of M tap
coefficients associated with transversal filter 190. That is, '

_ .
Pa-1 + 1Py
Pa-2 + 1 pi-2

Pa-Mm + i Pi-m
where pi_1 + i pY-1.pa-2 + i pd-2 .. Pa-m + i pf-M are complex numbers
used as the respective M tap coefficients. (The superscript "t" used in formula (2)

10 indicates the matrix transpose operation wherein (Mx1I) vector P, is transposed into
(1xM) vector for the purpose of matrix multiplication.)

In the course of the precoding process, GPRP 185 renders, in a
conventional manner, more different values assumable by each of v and v{ than
each of the respective in-phase and quadrature-phase component inputs. This being

15 so, vX and v} respectively represent more "x" and "y" components of signal points
than do those component inputs. That is, after the precoding process, v3 and v}
combinedly represent more signal points to be transmitted than the signal points
defined in the constellation of FIG. 2. It should be noted at this point that in the prior
art, these signal points for transmission, which hereinafter are referred to as "GPRS

20 processed signal points”, normally occupy a square region of dimensions 2L by 2L..
It can be shown that these GPRS processed signal points would undesirably require
an average transmission power higher than the average signal power required by a
prior art signal constellation having a shape other than square. By contrast, in
accordance with the present invention, because of the use of the signal constellation

25 in the shape of the region R, which is a polygon having more than four sides, the
GPRS processed signal points occupy a region identical to R, rather than a 2L by 2L
square as in the prior art. Advantageously, the average transmission power here is
no more than the average signal power required by the constellation of FIG. 2.
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i nvention. Data seurce 110, which may be a conputer, supplies a data bit
streamto transmtter 10 at 484 Kb/s. In this particular illustrative
enbodi ment, each channel synbol to be transmtted represents 5.5 data

bits. This bei

ng so, the synbol rate is 484/ 5.5 = 88 KHz (or a synbol

every T = 1/88 ns). Since transmtter 10 communicates at a fractional bit
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reconstruct]tﬁ' a&l and imaginary components of the signal on lead 192. The outputs
of filters 191 and 194 are combined in adder 193 to provide a digital version of the
signal to be transmitted.

It is important to note that the approach taken within complex shaping
filter 195 for generating a passband signal in response to the signal point represented
by the signal on lead 192 is different from the modulation typically used in, for
example, voiceband modems, such as quadrature amplitude modulation (QAM). In
the latter, specifically, an explicit or implicit (depending on the implementation)
rotation of the symbols by a carrier-frequency-dependent angle occurs. However no
such explicit or implicit rotation is performed with carrierless AM/PM. This is
significant because unless there happens to be an integral relationship between the
carrier frequency and the symbol interval T (which is not likely to be the case if the
carrier frequency and.symbol interval values are chosen to optimize the performance
of the ransmission scheme as a whole), the aforementioned rotation operation will
involve a non-trivial multiplication, thereby adding a significant cost to the
transmitter. A further advantage is that carrierless AM/PM is more simply processed
at the receiver than, for example, QAM. Additionally, carrierless AM/PM is
potentially more robust in the presence of non-linearities, such as those introduced in
the analog-to-digital conversion performed in the receiver.

The output of complex shaping filter 195 is converted to analog form by
D/A converter 196 whose output is then passed through low-pass filter 197 to
remove the higher-frequency images of the desired signal. The resulting analog
signal is applied to channel 198 which, as noted earlier, is illustratively a telephone
local loop.

Turning now to FIG. 4, the analog signal on channel 198 is received by
receiver 40 wherein low-pass filter 401 filters out energy in the received signal at
frequencies nominally above the spectrum of the transmitted signal. The resulting
signal passes to gain control circuit 403 which is programmable to adjust the gain
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rather, pass directly through it. The remaining three bits on |ead 131 are
processed by inner/outer encoder 141. This encoder is illustratively a
sinpl e | ogic-gate arrangenent which respep§jve|y provi des first and second
bit-pairs on | eads 142 and 143. The input and out put of encoder 141 bear
the relationship described in the follow ng TABLE I:

10

15

20

25

30

imparted to its input so as to make maximum use of the precision of A/D converter
148 which follows. This A/D converter generates samples of the received signal at
3/T samples per second. T/3 linear equalizer 409 eliminates from these samples so-
called "precursors”, the intersymbol interference incurred in channel 198, To this
end, samples r,, ro, and r3, are applied to linear equalizer 409 which is of
conventional design and which may be, for example, of the type disclosed in U.S.
Patent No. 3,868,603 issued February 25, 1975, to Guidoux, héreby incorporated by
reference. Since linear equalizer 409 receives and processes more than one input for
each symbol interval T, it is referred to as a "fractionally spaced” equalizer. Itis,
more specifically, referred to as a T/3 type of fractionally spaced equalizer since it
receives and processes inputs at a rate of three per symbol interval, and thus has a
so-called "tap” spacing of T/3. The output of T/3 linear equalizer 409 is generated on
to lead 410 once per symbol interval and has a complex value EQ,, whose real and
imaginary components are, respectively, eqy; and eq}.

Channel 198, being a local loop, like many other channels, contributes
to the transmitted signal points mostly “colored”, rather than "white", noise arising
from cross-talk within the transmission cable. However, the trellis codes that have
been developed to date, including, for example, the code used in the present
embodiment, are known to provide coding gain in the presence of "white" noise.
This being so, in order to substantially realize the full coding gain of the trellis code
used, the noise that appears in trellis-coded signals to be processed by decoder 415
needs to be whitened before the signals are decoded.

To this end, the complex signal on lead 410 is input to conventional
M-+1st-order transversal filter 411 which whitens the noise in that signal. Thus,
transversal filter 411 provides, on lead 412, an output signal having the noise
component ensured to be white. This output signal has a complex value Z,, which is
defined in accordance with the following formula:

Z, =z +iz) = (eq} +i.eq)) + Py Uy, (3)

In this formula, z3 and z} are, respectively, real and imaginary components of Z;
eqn, eqi and P, have been defined hereinbefore; and U, is an (Mx1) matrix, or
vector, comprised of the M most recent complex output samples of linear equalizer
409. That is,

e
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TABLE | I-nput bit pattern of Qut put of inner/outer
encoder 141 I nner/outer encoder 141 First bit-pair pattern Second
bit-pair pattern 000 -10- 00

00 001 : 00

010 o1 - 00

011 01 x Y 01

100 10 | %=1 Fleda 00

10 01 eqa-2 + i eqfzp

10 111 U, = ) 01/,

10

15

20

25

30

eqa-m + i eqi-m
. -

It should be noted at this juncture that the above-described whitening
process performed by transversal filter 411 would normally have introduced, as a
concomitant, intersymbol interference or specifically so-called "post-cursors” into its
output signal. The generation of these "post-cursors” is, however, prevented by using
the aforementioned GPRS precoding in the transmitter.

The complex signal on lead 412 is applied to data recovery section 45
wherein nonlinear device 413 processes this complex signal in accordance with the
GPRS technique. Nonlinear device 413 is identical to nonlinear device 189 of FIG.
1. The resulting signal from nonlinear device 413 is fed to Viterbi decoder 415
which performs a trellis decoding on the incoming signal using the Viterbi
algorithm. This algorithm generates the "maximum likelihood" decisions as to what
the transmitted signal points were. In particular, among other things, the Viterbi
algorithm, in a standard way, identifies a signal point from each of the subsets of a
reference constellation comprising so-called "allowed" signal points. Such a signal
point is identified to be the closest (in Euclidean distance) of all other signal points
within its subset to the point represented by the respective real and imaginary
components of the aforementioned incoming signal. Because of the fact that the
present arrangement involves nonlinear device 413, the reference constellation used
by the Viterbi algorithm to identify the closest signal points in this instance is
different from FIG. 2, which the Viterbi algorithm normally references. It can be
shown that the reference constellation, here, should be an enlarged version of FIG. 2,
as illustrated in FIG. 5. (Details on the Viterbi Algorithm can be found in G. D.
Forney, " The Viterbi Algorithm", Proceedings of g_@_. IEEE, Vol. 761, pp. 268-278,
March, 1973, which is hereby incorporated by reference.) FIG. S has in the center
the constellation of FIG. 2 occupying the region R and additional 104 signal points
surrounding the region R. A closer look at FIG. 5 reveals that the enlarged
constellation is a section carved out of the center of FIG. 3. Moreover, each allowed
signal point in FIG. 5 is identified by a subset affiliation and a 4-bit pattern.
Although the bit patterns of half the signal points in FIG. 5 are not explicitly shown.

i



The out put of encoder 140 is applied to parallel-to-serial (P/S) group
converter 150. The latter operates, in an alternate fashion, in either a
first mode or a  second node. In the first,mde, coder 140 passes the
bit-pair on lead 142 on to | ead 152 within P/'S group converter 150, and
It al so passes the four bits on lead 132 on to | ead 153 within the sane.
In the second theseesigra gointy asumediresanne dllystpted patserns of theikequntarpartyivhichai r

on lead 143 o I ts on lead 133 on to | ead 153.
h%e (ﬁﬁzg é‘cﬁ‘gy ?Q@Otdggreé Pothri

In either rmde our tS on [ead 153 append to the bit-pair on
lead 152 to form a 4- biRetygping new 10§. do¥iterhh decodex ¢ Ehprovides agignal nt

2- di nensi onal SRS
remai ning t E;fgagﬁ Ieadtﬁl:}L&kSﬁ]atx hﬁg&}’!gﬂ& Hﬁéodl&%s}cﬁ{s tf’ ngﬁ%o%%?gﬁv%ﬁﬁ%h

encoder i npPe gonyegter perfornsie 1’§’e§1°efﬁm to COF%?IE“@PS“%RPQ 18Q@ofode and

generates a thifiRniitér MR Eikrély te€rihg the Hightglbia! repreSotit @B tHeQransmitted
constel |l ation rm er 180, T reIIJs code ug ed .her e desi nbl r ovi

codi ng gain, pojnts. Specingally, Saghysigh 1‘1&’?8@5%&?%’8??%4 %‘%537 a
system res ul t |SY§ gi-oupwdetdmﬂvem 418 vatlpamk#pwdlm~bkadﬁd copespontiing tb he sivdisg

G210, 13, o1t gl 00, AL olhuntl 1688 LB A SIRLP R4 ALl S

10  six-parallel-bit words and processes them in pairs. The first two bits in each of a pair
of the words are provided to inner/outer decoder 421. The remaining four bits of
each of the pair are provided to P/S converter 425. In response to its input,
inner/outer decoder 421 performs the inverse function to inner/outer coder 141 of
FIG. 1, thereby providing three parailel bits also to P/S converter 425. This converter

15 supplies a serial bit stream for descrambler 427 to descramble. The descrambled bit
stream is thereupon applied to data sink 429 which may be, for example, a computer
terminal.

. A second embodiment according to the invention includes transmitter
60, which is shown in FIG. 6. Here, data is transmitted at 480 Kb/s at a symbol rate

20 of 40 KHz (or at a symbol interval = 1/40 ms). Thus, each symbol in this illustrative
embodiment is representative of 12 data bits. Moreover, each symbol is 4-
dimensional (4D) and can be represented as a pair of signal points, This pair of
signal points are transmitted over two individual signaling intervals each of 1/80 ms
duration.

25 Many of the circuit elements of transmitter 60 are the same as or similar
to those of transmitter 10 in FIG. 1. Thus, for example, data source 610 supplies a
data bit stream at 480 Kb/s to transmitter 60 wherein scrambler 620 scrambles the
incoming bit stream. S/P converter 630 collects a group of 12 bits from the
scrambled bit stream once every symbol interval. It then provides a 12-parallel-bit

30 word to coder 640. Six bits of this word appear on leads 647 and 649 each having an
equal share of three bits. The remaining six bits form two 3-bit subwords which are
respectively processed by inner/outer encoder 641 and 4D trellis encoder 670.
Encoder 641, which is structurally identical to inner/outer encoder 141 of FIG. 1,
generates two bit-pairs on respective leads 643 and 645. 4D wrellis encoder 670

35 implements a standard, rate 3/4 trellis code and generates two bit-pairs on respective
leads 651 and 653.
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code before the bit error rate for this systemequals that of the the sane
system wi t hout using the code. The function of constellation
mapper 180 is to select, in response to |tlz i nput, a signal point froma
predet erm ned signal constellation. Refer fiowto FIG 2 as well as FIG 1.
The former illustrates a signal constellation used in the present

enbodi ment i n accor dadduwing ¢achistgnaling intérphlesodelr 640 fedds Pérpaint 2D Thi s si gnal

const el L ati odnRfelini? mdBpey GBtRl1eRRhelY HifiClitlePiesePARERFoN Rady 643147 And!

651 combined or the seven bits on leads 645, 649 and 653 combined. Referring now
to FIG. 7 as well as FIG. 6, the former shows a 2D constellation illustratively used

5 here. Asshown in FIG. 7, the 2D constellation includes 96 signal points regularly
spaced in a region R’, which defines the domain of the constellation. It is
notewofthy that the shape of this 2D constellation is, again, a polygon having more
than four sides; and this shape, again, enables the constellation and its translated
versions to be fully interwoven throughout the X-Y plane, without leaving any

10 interspace for possible, additional signal points.

Each of the signal points in the 2D constellation belongs to one of four
subsets, as dictated by the design of the trellis code used. These four subsets are
denoted a, b, c and d. Also shown in FIG. 7 are bit-patterns associated with the
signal points, and each of these bit-patterns is made up of five bits. (Although the

15 associated bit-patterns for three-quarters of the signal points in FIG. 7 are not
explicitly shown, the omitted patterns can be easily determined based on the
illustrated patterns. In fact, the signal points with the omitted patterns assume the
same patterns of their counterparts which can be obtained by 90 degree rotations.)
During each signaling interval, constellation mapper 680 selects a particular signal

20 point of the constellation using the received seven-bit word. To this end, the bit-pair
within the seven-bit word from either lead 651 or lead 653 is used to identify one of
the four subsets from which the signal point is selected. Furthermore, the remaining
five bits of the seven-bit word are used to identify the particular signal point from the
already identified subset by matching those bits with the bit-pattern associated with

- 25 that particular signal point.

The selected signal point is represented by a complex signal and is
processed by GPRP 685 which is structurally identical to GPRP 185 of FIG. 1. The
nonlinear device (not shown) of GPRP 685, however, implements a nonlinear
function F’, in contrast to the nonlinear function F in.the first embodiment.

30 Specifically, the nonlinear device output having a complex value, wi + i w{, is
defined in accordance with the following formula:

Wi+ iwl = FBX+iBY) =P +iBY + 0 (L +14L/3) + n’5(L" — i 4L"/3),

where B3 + iB{ denotes the value of the complex input signal to the nonlinear
device of GPRP 685; n"; and n’, are integers whose values are chosen in such a

nmn‘iiiu“ i m‘ﬁif |



whi ch defines the domain of the constellation. Each of the signal points
bel ongs to one of eight subsets, as dictated by the trellis code design.
These eight subsets are denoted a throughszb. In fact, the three-bit word
on lead 171 identifies to constellation mapper 180 a particular one of the
ei ght subsets frogmwhich a s}j gr}al pojnt is selected

n

. . Al sq.sho in FLG 2
are bit- patt eVashastspoitdavavman 1§ wahu e segion B pf E!G-amngéc As @Qﬁ"@aéo be
E! : pa{ : erns l%aif mﬁ@ﬁ:@ﬁﬁf widmblf Hi'ctr_égi?ﬁlﬂ_':f khl'éi?iﬁféaieh%mp‘f.i ated .
it-patterns for ha e sign Qints .in are ngt . ex own,
the omtted patterns B&&ﬁ?ﬁﬂﬁ%«&%&m@@r choige ‘if%ﬁ%égr%“ﬁ‘@ a%&tjc# Iginst‘%ﬁg
i 'lustrated patthepresentlembodihent, the GRRR pricesied Bighalpdifitstooeupyna teighsh pat t er ns

e e oo LR b ey SyBh REL e ot b Al a5, O 2
180 sel ects caverageitransmissiingpualer pequitedfhierents] dpaim inoenacty tharckhe ivéragelsighdls et
oy ¢ pat t er ns  Powel 1E4EAREY BEEBudteidonMFIGPE, G700 " hi's Tuncture &
nunmber of inportant afltheidwtpusef GPRP 685 which represents the GPRP processed signal
points is fed to complex shaping filter 695 (identical to complex shaping filter 195),
10 followed by D/A converter 696 and low pass filter 697. The resulting signal
representing a GPRS processed signal point is applied once every signaling interval
to channel 698, which is identical to channel 198 as described hereinbefore.
' The receiver in this second embodiment is substantially similar to
receiver 40 of FIG. 4. The principal difference lies in the design of the data recovery
15 section of the new receiver. As shown in FIG. 8, data recovery section 80 of the new
receiver, includes, inter alia, nonlinear device 813, decoder 815, symbol-to-bit
converter 817 and inner/outer decoder 821. Once every signaling interval, nonlinear
device 813 receives a signal which has been processed by processors structurally
identical to those preceding nonlinear device 413 of receiver 40. Nonlinear device
20 813 performs the aforementioned function F’ to this signal. The resulting signal is
fed to decoder 815 for it to make the maximum likelihood decisions as to what the
transmitted signal points were in accordance with the Viterbi algorithm,
The constellation comprising the allowed signal points referenced by the
Viterbi algorithm in the present embodiment, like the first embodiment, is an
25 enlarged version of that shown in FIG. 7. FIG. 9 illustrates this reference
constellation. A closer look at FIG. 9 reveals that it has, in the center, the
constellation of FIG. 7 defined by the region R’ and 100 additional signal points
surrounding R’. Each allowed signal point in FIG. 9 is identified by a subset
affiliation and a 5-bit pattern. Although the bit patterns of half the signal points in
30 FIG. 9 are not explicitly shown, those signal points assume the same, illustrated
patterns of their counterparts which can be obtained by a 180 degree rotation.
Return now to FIG. 8. A signal representative of the maximum
likelihood decisions is provided by decoder 815 to symbol-to-bit converter 817.
Accordingly, converter 817, which performs the inverse function to constellation
35 mapper 680, recovers seven bits during each signaling interval. Furthermore,
converter 817 accumulates 14 bits over a pair of signal intervals constituting a
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possessed by the constellation of FIG 2, which attributes are common to
the constellations used in GPRS systens in accordance with the invention.
These inportant attributes can be denonstrgted by way of FIG 3. At the
center of FIG 3 is the constellation of G 2 enclosed in the region R °
Surrounding the region R and repeated throughout the X-Y plane are a
virtually [i msymbg mmwepmrofd &4 ecqmul@tng bitg iscdisqaadadnds it FRPresgaes

cruci f orm shapg g dlﬁ,\}ﬁ,g 35%% 16&;}[@?41& &Qﬁ%s&ﬁ'fﬁﬂx@&hb@d&ﬁﬂh?%us,

constellatlons are | ate versi ons o seen in

FIG 3, becau$Hrag ey ymmlmawal copwster 81 7 pravidesriShirs atdts oytran. Nias of2

such a 00n5t9|t$e%é|19'bn§%fb ﬁ&séﬁlﬁrdf@ﬁ@rfe&\fcﬁr éécﬁoﬁ 89%& l%h&ﬁZSe'I'ﬁb Qélﬁaxﬁﬁ i ng
t he sane sgﬂptef Hﬁ L&g th l.ane, w't hout eavg i nf erspace for
possi bl e addi PHrRiS gtag ‘?ﬁ"@ B FOFTesRanding (g ‘F?‘IS &CHVig bIf-pAS t he
transl ated veng thenﬁxqm offiref/Batet éﬁddﬂeﬁ@@ﬁ@ﬂ?IG &¢ A RepbAse do&héseCf&st and
Simlarly, the S|"ﬁ3) onts of ngVId Imx%lbsetsathr h, h also form

their correspSHd saH‘é'GTlaﬁ“q theInYERSG AU I3 ERCQYET ¢ he
above- descr i b&d1athtrebd gereradgthiregdsurilis) itk @s ar 6ﬁ!ipuz Thesd theeeCtsithi 43¢ paiaed

provided by t %%t bf E:M k%o%é’x%}%ec"%‘onr%f aﬁgrcli g Vv\lnnwlh remtl}l%ong& ?xﬂzle%xts on lead §23.
10 The resulting twelve bits outputted by data recovery section 85 is further processed
by the processors similar to those succeeding data recovery section 35 in receiver 30
of FIG. 3. The individual functions of these processors are apparent based on the
disclosure heretofore and thus need not be dwelled upon here.
It can be shown that the above-noted advantage -- a saving in
15 transmission power -- realized in the first and second embodiments by virtue of the
use of the signal constellations of FIGs. 2 and 5, respectively, can also be realized
using other signal constellations, which are generically represented in FIG. 10. In
this figure, the signal points (not shown) are regularly spaced within a region I’
which is a polygon in the center of an X-Y plane: This region I" defines the domain
20 of a generic constellation in accordance with the present invention. As seen in FIG.
10, the top half of this generic constellation is defined by steps 1 through K in the
first quadrant of the X-Y plane, and another K steps in the second quadrant which are
the mirror images of those steps 1 through K reflecting along the Y-axis, where K >
1. Furthermore, the bottom half of the generic constellation is defined by the mirror
25 image of the top half reflecting along the X-axis. The vertical and horizontal step
sizes, respectively denoted vss and hss, are each A/K in length, where A is half the
maximum width of region I".
It can also be shown that the generic constellation can have either a first
size or a second size, determined by the number of signal points which are regularly
30 spaced therein. Specifically, the first size refers to a number of K(K+1)N? signal
points for any positive even integer N ,. The second size refers to a number of
2K(K+1)N3 signal points for any positive integer N,. In fact, the signal
constellation of FIG. 2 is an exemplary constellation of FIG. 10 having a first size.
with K =2,N; =4 and A =L. Moreover, the signal constellation of FIG. 7 is an
35 exemplary constellation of FIG. 10 having a second size, with K =3, Ny =2 and
A=L"
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Return nowto FIG 1. During the n[err] signaling interval constellation
mapper 180 provides, on |ead 181, a conplex signal having a value I[err] +
iQQerr] (wherei = [err], where I[err] ad Qerr] respectively represent
t he in-phase and quadrature- phase conponents of the selected signal point.

qadr at ur o- phase. conpBiEIPRSTEEICER S any corstalisongen IO Kol0steles of
the sel ect ed fgllypimdrwRen withligveankBle v 8006 thirsughvieme X-2e plapéyr Iriigthig R§Ponse
precoder ( G°§?3pe%t§50f‘?ﬁé Sé’nsi’éﬁ%‘;igﬁ €hab es%sne%?ga ﬂv.lert] e ztil?oJeEnsote'cP g&j\}antage. This
being so, it is anticipated that a hexagonal constellation which, although not included
5 in FIG. 10, satisfies this last property and, in fact, can be advantageously utilized in
accordance with the invention.

" The foregoing merely illustrates the principles of the invention and
those skilled in the art will be able to devise numerous arrangements which, although
not explicitly shown or described herein, embody the principles of the invention. By

10 way of example, but not limitation, some possible variations and alternatives will
now be described.

For example, although the generic constellation disclosed herein has the
vertical step size -- vss -- identical to the horizontal step size -- hss, they can,
however, be different if so desired.

15 The illustrative embodiments have disclosed the invention in the context
of transmission on a local-loop which is a two-wire cable. An alternative, however,
is to use a four-wire loop, i.e., a separate two-wire loop for each direction of
transmission. Moreover, this invention is equally usable with other channels such as
a voiceband telephone channel.

20 The invention has been disclosed using carrierless AM/PM. However,
other passband transmission schemes, including non-carrierless schemes such as
quadrature-amplitude modulation, can be used to implement the invention.

Similarly, although the illustrative embodiments utilize a two-dimensional
modulation scheme, the invention can be implemented using modulation schemes of

25 any other desired dimensioné.lity, including, for example, one, four or eight
dimensions. Advantageously, a multi-dimensional modulated signal may be more
robust in the presence of particular channel impairments than, say, a one-
dimensional, e.g., single sideband, modulated signal. In addition, as long as the
coordinates of the symbol in each dimension are dependent--that is, each coordinate

30 is a function of all of the data bits that the symbol represents, rather than being an
independent function of some subset of those bits--increasing the dimensionality of
the symbols increases the margin against noise and various channel impairments.
Indeed, the improved receiver error performance may be sufficiently significant to
make worthwhile the added implementational complexity of using, say, eight

35 dimensions.
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signal to prevent ‘intersynbol interference fromarising in the transmtted

si gnal . GPRP 185 includes subtracter 187, nonlinear device
189 and M h-order transversal filter 199, Subtracter 187 receives as an
i nput from M h-order transversal filter §09 a signal whose value is

s[err] + is[err], and rgceives as another input the af orement i oned
conpl ex signal on | ead Firglly, theriayensionfis distlosecohegeintin adorm dn whichirhe aifieus,

bt t 18 7sigiad prodessi ' j L { anal ;shavi
b1 L0 g oo oy Ao S g
filter 189 thef™ d’ﬁl&?rﬁé(ﬁ ? & tuncuppnequidequadlyrvell btperfamedtby dnemrrtmore

i |. Th o dl i . . i . .'
dent e VT eg{ TG o) a5 S o o S frf
7

[err]=F([erT] err]) = ([err] + i [err])+n[err](L + i 3L/2) + n[err](L
- i 3L/2),
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where n[err] and n[err] are integers whose values are chosen in such a way
that the point (v[err], v[err]) (i.e., having an X-coordinate = v[err]
and a y-coordinate = v[err]) is within th@l7 r egi thik SRec®fasiela Reglace@Nd L i S

defined to be half the maxi numwi dth of the’region n FIG 2.
The out put of nonlinear device 189 appears on | ead cessed by
conpl ex shapi nglamm er 195 in a manner to be descri , ut signal
is also fed back to M.hDQ{acharns%ﬁs‘%% §xadtusfi | ter 190 which generates the
af orenenti oned signal having_ the val slerr] - i s[err], which is defined
in accordance with the $BARMIHERIZED BY a: _ _ s[err]
+ i s[err] = (Plerr] Blfédnk¥or selecting 3?gnal pdiftsthin® a QighaPEsHsRNatiGh Whidh 1 S an
(Mk 1) matrix,, of vector, conpfi SFd .0 tj},e M ml)st recent  ipputs to
transver sal f i ;npé*degg@_ urgdity,o istgnal points within a po ygonal region having more than four
sides, each of said plurality of signal points being representative of data;
means for processing the selected signal points using a generalized
partial response signaling (GPRS) technique such that subsequent distortion
affecting accurate recovery of said selected signal points is reduced, the processed
10 signal points occupying a region substantially identical to said polygonal region; and
means for transmitting a signal representing said processed signal

points.

2. The apparatus of claim 1
CHARACTERIZED IN THAT
15 said signal constellation has such a shape that said signal constellation
and translated versions thereof can be interwoven throughout a plane without leaving
any interspace for additional signal points.

3. The apparatus of claim 1
CHARACTERIZED IN THAT
20 said data is encoded with a trellis code.

4. The apparatus of claim 1
CHARACTERIZED IN THAT
said polygonal region is hexagonal.

‘5. A method for recovering data represented by transmitted signal points,

25 said transmitted signal points having been encoded by a precoding step to reduce

subsequent distortion affecting accurate recovery of said data in accordance with a

GPRS technique, said method

' CHARACTERIZED BY the steps of
receiving said transmitted signal points, which occupy a region whose

30 shape is substantially identical to that of a signal constellation, said signal

constellation including a plurality of signal points, said transmitted signal points

being derived from sclected ones of said plurality of signal points, said region being

VR
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[err] where Mis a finite integer. The value of Mis determ ned
based on the characteristics of the channel used. (In the present
enbodi ment, the channel is, -18-

polygonal and having more than four sides; and
recovering said data, said recovering step including the step of
compensating for effects of said precoding step.
6. The method of claim 5
5 . CHARACTERIZED IN THAT
" said signal constellation has such a shape that said signal constellation

and translated versions thereof can be interwoven throughout a plane without leaving
any interspace for additional signal points.

7. The method of claim 5
16 CHARACTERIZED IN THAT
S said data is encoded with a trellis code.

8. The method of claim S

CHARACTERIZED IN THAT
said region is hexagonal.
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Il lustratively, a "local |oop" of the tybe used in a standard tel ephone

cable network to connect custoner premses to a central office, and it
i s conventionally a 24 gauge t wo- wi re_cl%lb_l e having no bridge tap and a
maxi mum | ength of 18 Kft. The val ue of associated with such a | ocal

| oop has been experlrrentally deternmned to be 7.) Plerr] is

an (M1) vector or natri xTEGHNIQUE BORCOMBENSATING HARp  coefficients
associated with transversal NTERSYWOLTMERFERENCE
Abstract
In a communications system, a generalized partial response signaling
5 (GPRS) technique is employed to compensate for intersymbol interference. To this
end, sigg;al points representative of data to be transmitted are selected from a signal
constellation. This signal constellation includes a multiplicity of signal points which
are regularly spaced within a polygonal region having more than four sides. The
selected signal points are precoded in the transmitter in accordance with the GPRS
10 technique. Because of the particular choice of the signal constellation used, the
precoded signal points for transmission occupies a region identical to the polygonal
region.
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so, v[err] and v[err] respectively represent nore "x" and "y" conponents of
signat points than do those conponent inputs. That is, after the precoding
process v[err] and v[err] conbinedly represent nore signal points to be
transmtted than the signal points deflnédﬂﬁn t he constellat1on of- FIGP .
It should be noted at this point that in the prior art,

points for transm ssion, which hereinafter are referred to l“*d
processed si gnal points' normal |y occupy a square reglon

by 2L. It can be shown that t hese GPRS processed signal

undesirably require an average transm ssion power higher than t he average
signal power required by a prior art signal constellation having a shape
ot her than square. By contrast, in accordance with the present invention,
because of the use of the signal constellation in the shape of the region
R, which is a polygon having nore than four sides, the GPRS processed
signal points occupy a region identical to R rather than a 2L by 2L
square as in the pr}ﬁ[{?rt zfdvantageously t he average transn ssion power
here is no nore than the average S|gnaIYpomer required by the constellation

of FIG 2. i
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- 8- The signal on lead 192 is applied to conplex shaping
filter 195, which generates a passband signal which is illustratively a
so-called "carrierl ess AM PM si gnal . I@yhgnentationally, conpl ex shapi ng
filter 116 includes two finite-inpul se- ponse digital filters --

I n-phase filter 191 and quadrature-phase filter 194-- which respectively
process the real and inmagi nary conponents of the conplex signal on | ead
192. Each of these filters is illustratively realized as a transversal

filter. Filters
phase characteristics are offset

191 and 194 differ fromeach other only in that their
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from one another by Terr]/2. This phase difference enables the receiver to
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i nvolve a non-trivial nultiplication, thereby adding a significant cost to

the transmtter.

Sinmply processed

carrierless AMPM i s
such as those introduced In

non-linearities,

A further advantage is that carrierless AMPMis nore
for exanple, QAM Additionally,

at the receiver than,

conversion perforned in the receiver.

shaping filter 195 is converted to analog formby D/A converter 196 whose

output is then passed through |ow pass filter 197 to renove the

hi gher-frequency i mages of the desired signal. The resulting anal og signal

Is applied to channel 198 which, as noted earlier, is illustratively a

op. Turning now to FIG 4, the analog signa

on channel 198 is recelxifﬁg eiver 40 wherein |low pass filter 401
tel

t el ephone | ocal

filters out energy int

| o

the spectrumof the transmtted signal.
control circuit 403 which is programable to adjust the gain

potentially nore roﬁﬁﬁi in the presence of

t he anal og-to-digital
The out put of conpl ex

ed signal at frequencies nom nally above

The Yesultlng signal passes to gain
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-9- i nparted to its input so as to nake maxi num use of the precision of
A/ D converter 148 which follows. This A/D converter generates sanpl es of
the received signal at 3/ T sanpl es per second. T/3 linear equalizer 409
elimnates fromthese sanples so- cal | eﬁﬂﬂprecursors", t he intersynbol

interference incurred in channel 198. To this
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r[err] and r[err] and r[err] are applied to |linear
conventional design and which may be, for
Patent No. 3,868,603 issued

end, sanmples r[err],
equal t zer 409 which is of
of the type disclosed in U S

exanpl e,

February 25, 1975, to QGuidoux, hereby incqy@@rated by reference. Since

| i near equalizer 409 receives and processes nore than one input for each
interval T, it is referred to as a "fractionally spaced" equalizer

synbol

It is, nore specifically, referred to as a T/3 type of fractionally

spaced equal i zer since it recei ves and processes inputs at a rate of

t hree per synbol interval, and thus has a so-called "tap" spacing of T/3.
The output of T/3 linear equalizer 409 is generated on to lead 4 10 once
per synbol interval and has a conplex value EQQerr] whose real and

i magi nary conponents ag@g{z;spe |vely, eq[err] and eq[err].

Channel 198, being a | bop; |like many ot her channels, contributes to

the transmtted signal points nostly "colored", rather than "white", noise
However, the

fromcross-talk within the transm ssion cabl e.
been devel oped to,date, including, for exanple,
enbodi nent, %re known to provide coding gain

arising
trellis codes that have
the code used in the present

in the presence of "white" noise.
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This being so, in order to substantially realize the full coding gain of
the trellis code wused, the noise that appears in trellis-coded signals to
‘be processed by decoder 415 needs to be whitened before the signals are
decoded. To this end, the cdh%ﬁex signal on lead 410 is input
to conventional Mlst-order transversal filter 411 which whitens the noise
in that signal. Thus, transversal filter 411 pﬁovides, on lead 412, an

out put signal having the noise conponent ensurfd to be white. This output
signal has a conplex value Z[err] which i's defyned in accordance with the
foll owi ng formul a: Z[prr] = z[err] + i z[err] =
(eqg[err] + i eq[err]) + P[[err] U errJ. T13) Tnthis formil 4,
z[err] and z[err] are, regpectively, real and § nagi nary conponents df
Z[err]; eg[err], eq[err] and P[err] have been fgefined herei nbefore; land

Uerr] is an (M1) matrix,| or o~ Y
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It should be noted at this juncture that the above-described whitening
process performed by transversal filter 411 would normally have introduced,
as a conconltant i nt er synbol |nterference or specifically so-called

"post-cursors” |nto its output signal. Th eneratlon of these
"post-cursors” is, however, prevented by using the aforenentioned GPRS
precoding in the transmtter. The conpl ex signal on |ead 412

is applied to data recovery section 45 wherein nonlinear device 413
processes this conplex signal in accordance with the GPRS techni que.
Nonl i near device 413 is identical to nonlinear device 189 of FIG 1. The
resulting signal fromnonlinear device 413 is fed to Viterbi decoder 415

FIG. 10
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in a standaltd way, ,;dentlfles a signal .point

rlef erence constel || ation conpri gl*ng So- c’al 1"ed

e e bt s be amntin e

. ovved el gnai— wﬂt ............ BTEORRODMP iR Lo be t
cl osest (in Euclidean distance %‘f’ rp:z? (F)@ﬂer Elﬂ i %I Nt W Ehin: {t}ﬁg‘
subset to the point represedVdERYYMBOLINIER E and i magi nary

conmponent s ofTdcnpical iggent i oned i ncom ng Si gnal Because of the fact that

the present aﬁml nvol ves nonlinear device 413, the reference
constel |l ati on used by @WFWP“‘&?”@GM‘?%W@W%FM@? SYy¥iems ppd 819Fe si gnal

points in thig m&gﬂm teBhfiighé esrdimpenSiink! for n@ersﬁt’mb&flniﬁ‘@ré&& ed¥red in

al gorithm normal ref erences. It can be shown that the reference
const el | at i orf CORUPRAICAYRNS FaBRElan enl arged version of FIG 2, as

i I'lustrated iBackpfourd of il Raivefitiom t he Vi terbl Al gorithm can be found i n G
D. Forney, "The Viterhi 0 Proc s. of the IEEE, Vol. 761, :
268- 278, Mar ch, 1973,9\/;1%#)%0@ @SSM‘% gra’%ae on 2 sp-sallack geperaliggd 5"

has in the ceattal response signaling (GPRS)” tcchmque This technique is used in a
communications system to prevent a transmitted signal from being adversely
affected by intersymbol interference incurred in a communications channel. As is
well known, the intersymbol interference results from the fact that a typical
communications channel inherently has memory such that the signals previously
transmitted through the channel interfere with the current, ransmitted signal. In
accordance with the GPRS technique, a nonlinear filtering device is employed in the
transmitter to precode the signal to be ransmitted, and this precoding process effects
a compensation for the ensuing intersymbol interference affecting such signal.
Details on the GPRS technique can be found in: M. Tomlinson, "New Automatic
equalizer employing modulo arithmetic," Electron. Lett., Vol. 7, nos. 5/6, Mar. 1971,
pages 138-139; H. Harashima and H, Miyakawa, “Matched-ransmission technique
for channels with intersymbol interference,” IEEE Trans. Commun., Vol. COM-20,
August 1972, pages 774-780 and J. Mazo and J. Salz, "On the Transmitted Power in
Generalized Partial Response,” IEEE Trans. Commun., Vol. Com-24, March 1976,
pages 348-352, all of which are hereby incorporated by reference.

There are arrangements in the prior art which involve the use of the

GPRS technique, coupled with ransmission of signal points selected from a
multidimensional signal constellation wherein the signal points are regularly spaced.
Invariably, after these prior-art arrangements process the selected signal points using
the above-mentioned precoding process, the resulting signal points to be transmitted
spatially occupy a square region. As a consequence, the average transmission power
required to transmit these resulting signal points are oftentimes undesirably higher

- than the average signal power required by the signal constellation used. Although
this increase in the average power can be avoided by using signal constellations
having a square shape, the sizes of the square constellations are, however, limited to
N? and 2N2 signal points, where N is an even integer. As a result, the square
constellations, because of their particular sizes, do not always allow the full
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the constellation of FIG 2 occupying the region R and additional 104
signal points surrounding the region R A closer ook at FIG 5 reveals
that the enlarged constellation is a section carved out of the center of
FIG 3. Mreover, each allowed signal poirBt-in FIG 5 is identified by a
subset affiliation and a 4-bit pattern. Al though the bit patterns of half

the signal piitsidaoffd Qveécﬁérﬁxepéﬁpa%ﬁl icitly shown,

Accordingly, it is desirable to have other signal constellations which,
like the square constellations, each call for an average ransmission power no more
than the average signal power required by the signal constellation when used with
the GPRS technique.

Summary of the Invention
In accordance with the invention, the signal constellations, used in

conjunction with the GPRS technique, can assume various shapes, other than a
square shape as in the prior art, to realize the desirable saving in the transmission
power. These various shapes include polygons each having more than four sides.
By virtue of the polygonal constellation shapes, the signal points to be transmitted
after the GPRS precoding occupy a region substantially identical to that of the signal
constellation having one such shape.

More particularly, the present, polygonal shapes are so designed that a
signal constellation in one such shape can be fully interwoven with its translated
versions throughout a plane, without leaving any interspace for additional signal
points. This being so, the average ransmission power needed to transmit those
signal points is advantageously no more than the average signal power required by
the signal constellation.

Brief Description of the Drawing

In the drawing,

FIG. 1 is a block diagram of a transmitter utilizing a precoding scheme
embodying the principles of the invention;

FIG. 2 shows a signal constellation illustratively used in the ransmiter

of FIG. 1;
FIG. 3 shows the signal constellation of FIG. 2 which is fully

interwoven with its ranslated versions in a X-Y plane.
FIG. 4 is a block diagram of a receiver communicating with the

ransmitter of FIG. 1; : :
FIG. 5 shows a configuration of allowed signal points used for decoding

in the receiver of FIG. 4;
FIG. 6 is a second embodiment of a transmiuter utilizing the precoding

scheme embodying the principles of the invention;
FIG. 7 shows a signal constellation illustrarively used in the ransmiter

of FIG. 6;

This ig the replacement sheet
d 7 0 9%

Date:



-

t hose signal points assune the sane, illustrated patterns of their
counterparts which can be obtained by a 180 degree rotation.

‘Returning nowto FIG 4, Viterbi decoder 415 provi des a signal
representative of the maxi mum |ikelihood decisions to synbol-to-bit
converter 417. This converter perforns the inverse function to

constell ati on mapper 180 of transmtter 10, t hereby recovering the digital

bits represented by the transmitted signal points. Specifically, during
each signaling interwG. 8donbiockalizgram ofrooddid excov@yBeeRAUB eceimerert er 418
with a six-p ol r ' .0 the six bits on |eads 152
and 153 of t%n%?%@c%géé%&tg?ggg{@ﬁgpgggg'v%rter 418 receives such

si x-paral | el -bit wor d8GafRghows csesfeguratiemof allpued signifipoins used fondedoiding i n
each of a pai,r tr@kfo ; : V4. to inner/outer decoder 421. The
remai ni ng fghrm%?{% 0 V\é%%%ugésf_ﬁfe@pgégﬁgare provided to P/S converter 425.
In response to its i Apet 10 is mgenericsignal censeeltation Far yserwich the prénadingver se

function to kﬂg}ﬁé{rphﬁ&w%mltﬂéimeﬂgghe 1, thereby providing three

parallel bits also to P onverter Thi s converter
Detailed Description

FIG. | illustrates transmitter 10 embadying the principles of the present
invention. Darta source 110, which may be a computer, supplies 2 daca bit smeam two
oansmitter 10 at 484 Kb/s. In this particular illusmative embediment, each channel
symbol to be ransmitted represents 5.5 data bits. This being so, the symbol rate is
484 /3.5 = 88 KHz (or a symbol every T = 1/88 ms). Since ransmitter 10
communicates at a fractonal bit rate of 5.5 bits/symbol and encodes, in a manner to
be described, the incoming data bit saeam with a wrellis code, particularty relevant o
the design of mansmiteer 10 is U.S. Patent 4,941,154, issued July 10, 1990 10 Wei,
which is hereby incorporated by reference.

Specificaily, scrambler 120 in ransmiter 10 scrambles, in 2 standard
way, the incoming data bit smeam. The resulting bit sweam is applied to serial-to-
parallel converter 130, which aggregates two symbeols’ worth of bits w0 provide 11
bits on leads 131, 132 and 133 in the proportions of 3 birs, 4 bits and 4 bits,
respectively. These leads extend to circuitry which includes fractional-bit-rate
encoder 140 and parallei-to-serial (P/S) group converter 150. The eight bits
appearing on leads 132 and 133 are not actually processed by encoder 140 but,
rather, pass directly through it. The remaining three bits on lead 131 are processed
by inner/outer encoder 141. This encoder is illustradvely a simple logic-gate

arrangement which respectively provides first and second bic-pairs on leads 142 and
143, The input and output of encoder 141 bear the relationship described in the
following TABLE
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w

supplies a serial bit streamfor descranbler 427 to descranble. The
descranbl ed bit streamis thereupon applied to data sink 429 which may be,
for exanple, a conputer termnal. A second enbodi nent '
according to the invention includes transtdtter 60, which is shown in FIG
6. Here, data is transmtted at 480 Kb/s at a synbol rate of 40 KHz (or at

a synbol i ntegrvat—1r46
enbodi ment i g represent atlve of 12 dat aThBtLEI I\/breover each symbol is E

di mensi onal (@D —andTam e Tepresentetas—a—patr—of—stogmat—pett-s—Fhi-p

pair of signal p@PReRit arrgeminsni tted ove®ummofmdcx/wtla¢ne9dmmll ng i

H I’f\lll

intervals ea¢ch of 1/80 nsB durati ey —of—t-te—e++e

el enents of {riaAswHeuteeencodeniel t he ﬁnebxa@amrpasmn | qr S@Omﬁ(bsepmn‘ aa_.t:em

adsaanl i

transmtter O T FIrG T—ThUs, —for—exanmte—dat= Spurce 6+6—~stppi+es
data bit streamat 480 Kb/s to trlansmtter 60 wherefn scranbler 620

scranbles the incom gy it streaph S/ P cogyerter 63p coll ect%oa group of 12
bits fromthg scranbl ed b|t stregm once ealgry synbof interval”" It then

provides a 1p-paral | BIQ b 0t
010 01 00
011 01 01
100 ' 10 00
101 10 01
110 00 10
I11 01 10

The output of encoder 140 is applied to parallel-to-serial (P/S) group

converter 150. The later operates, in an alernate fashion, in either a first mode or a
second mode. In the first mode, coder 140 passes the bit-pair on lead 142 on o0 lead

152 within P/S group converter 150, and it also passes the four bits on lead 132 on o
lead 153 within the same. [n the second mode, coder 140 respectively passes,
instead, the bit-pair on lead 143 on w0 lead 152 and the four bits on lead 133 on to
lead 153. In eicher mode, two of the four bits on lead 153 append to the bit-pair on
lead 152 toforma 4-6i: word on lead 153, which extends to0 96-point 2-dimensional
(2D) constelladon mapper 180. At the same time, the remaining two bits on lead 153
are fed to 2D wellis encoder 170. This encoder implements, in this case, a standard,
rate 2/3 wellis code and generates a three-bit word on lead 171, which also extends o
constellation mapper 180. The wellis code used here desirably provides coding gain,
which, in general, refers to the increased performance of a system resulting from the
use of a particular code. Specifically, coding gain is defined as the amount by which
the signal-to-noise ratio (SNR) may deteriorate for a system utilizing that particular
code before the bit error rate for this system equals that of the the same system
without using the code.

The function of constellation mapper 180 is to select, in response ¢o its

input, a signal point from a predetermined signal constelladon. Refer now to FIG. 2
as well as FIG. 1. The former illuszrates a signal constellation used in the present
embodiment in accordance with the principles of the invendon. This signal
constellation includes 96 signal points regularly spaced in 2 cruciform region R,
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word to coder 640. Six bits of this word appear on | eads 647 and 649 each
havi ng an equal share of three bits. The remaining six bits formtwo 3-bit
*subwords which are respectively processed by inner/outer encoder 641 and 4D
trellis encoder 670. Encoder 641, which issstructurally identical to

I nner/outer encoder 141 of FIG 1, generates two bit-pairs on respective

Lol Tis code iah deBbehe dofiy B B Tonféision EGTE A PudilRekariad s,

-12-

one of eight subsets, as dictated by the trellis code design. These eight subsets are
denoted a through h. In fact, the three-bit word on lead 171 identfies to
constellation mapper 180 a particular one of the eight subsets from which a signal
point is selected. Also shown in FIG. 2 are bit-patterns associated with the signal
points, and each of the bit-patterns is made up of four bits. (Although the associated
bit-patterns for half the signal points in FIG. 2 are not explicidy shown, the omitted
patterns can, however, be easily determined based on the illustrated patterns. In face,
the signal points with the omitted patterns assume the same patterns of their
counterparts which can be obtained by a 180 degree rotation about the origin.) This
being so, constellation mapper 180 selects a particular signal point from the already
identified subset by matching the aforementioned 4-bit word on lead 155 with one of
these bit-patterns.

It should be pointed out at this juncture a number of important attributes
possessed by the constellation of FIG. 2, which attributes are common to the
constellations used in GPRS systems in accordance with the inventon. These
important attributes can be demonstrated by way of FIG. 3. At the center of FIG. 3 is
the constellation of FIG. 2 enclosed in the region R. Surrounding the region R and
repeated throughout the X-Y plane are a virwally limitless number of constellations,
each having the same cruciform shape as R. A closer look reveals that these
surrounding constellations are individual translated versions of FIG. 2. As seen in
FIG. 3, because of the particular shape of the constellation of FIG. 2, such a
constellation can be interwoven with its translated versions having the same shape
throughout the X-Y plane, without leaving any interspace for possible additional
signal points. Moreover, the signal points in R and the translated versions form a
regularly-spaced, rectangular lattice. Similarly, the signal points of individual
subsets a through h also form their corresponding rectangular lattices. It can be
shown that all of the above-described attributes are important for realizing the
coding gain provided by the trellis code when used with the GPRS technique.

Retum now to FIG. 1. During the n® signaling interval, constellation
mapper 180 provides, on lead 181, a complex signal having a value [, +i Q, (where
i= V-1 ), where I, and Q,, respectively represent the in-phase and quadrature-
phase components of the selected signal point. In terms of the constellation diagram
of FIG. 2, these in-phase and quadrature-phase components are equivalent to the "x"
and "y" components of the selected signal point. Lead 181 extends to generalized
partial response precoder (GPRP) 185 which performs GPRS precodiag to its input
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During each signaling interval, coder 640 feeds 96-point 2D constellation
mapper 680 alternately with either the seven bits on | eads 643, 647 and
“651 conbined or the seven bits on | eads 645, 649 and 653 conbi ned.
Referring now to FIG 7 as well as FIG_.6, the former shows a 2D
constellation illustratively used here. As shown in FIG 7, the 2D
constellation |ncludes 96 signal points regularly,  spaced in a region R,
whi ch def i 6312 [LPTRYeAREi IRtEFTYMael inenerears fomoerising in de rmna'ngwslmmﬂthat t he

shape of this 2D coGyret l%inerhdwsuﬁﬂ%te?lsﬁ M%%déﬁé@t@iﬂlfﬁ oldagn four

sides; and this sh aLn, enables the conste [ation and 1ts translated
versi ons t GBSV %&CT hﬁrmrﬁrﬁﬂam@ asHa iRpw f5emAdth-ondenatnsvessalvi ng

any 1Nt CEkEACES & eignBDWhOR! RluH 4R 1 (abng teHBRles AS hilbdder ingut the Each
of the S|g§? oints.in the 2D conStel %afi on bel ongs to one of four
subset s CE?’BF%‘E% digompiex figaaion le3d 1k After peréorming agybmacdngese f our

subsels. ar eperadaf(Subacte (87 frodlts th nlIRar BEVE: 189 ELGrple AlfraPld gl o s

associ at ed Sj p0| nts n I't- erns®rs nmade
up of fiveV gf?‘??’: "‘(Nzgh'uhgh’ e i (%sifs é‘{@dmmn &@rthmumn pesfosmsguart er s
of the si gRgdlineet finBribm P'ﬂn@t; ifp8f SgA! The value of the output signal generated by

this device is denoted vi + i v} and is defined as follows:
va +ivi=F(af +ia)) =(af +iad)+n(L +i3L/2) + ny(L - i3L/2),

where ny and n; are integers whose values are chosea in such a way that the point
(v, vi) (i.e., having an x-coordinate = vX and a y-coordinate = v} ) is within the
region R of FIG. 2; and L is defined to0 be half the maximum width of the region R,
as shown in FIG. 2.

The output of nonlinear device 189 appears on lead 192 and is processed
by complex shaping filter 195 in a manner to be described. This ourput signal is also
fed back to Mth-order mansversal fiiter 190 which generates the aforemendoned
signal having the value s} + i s}, which is defined in accordance with the following

formula:
sx +isy = (P B,) (2)

In this expression, B, is an (Mx1) matrix, or vector, comprised of the M most recent
inputs to oansversal filter 190. That is,

[ it ]

va-1 + 1 v
Va-z +ivioz

h1 :
Va-a + 1 Viom
- o

where M is a finite integer. The vilue of M is determined based on the
characteristics of the channe!l used. (In the present embodiment, the channel s,

This is the replacement sheet

Date:{ 7 gt W%



explicitly shown, the omtted patterns can be easily determ ned based on
‘the illustrated patterns. In fact, the signal points with the omtted
“patterns assune the sanme patterns of their counterparts which can be
obt ai ned by 90 degree rotations.) During each signaling interval,
constell ati on mapper 680 selects a partigul ar signal poi nt of the

constellation using the received seven-bit word. To this end, the bit-pair
651 or d 653 | used to

ithin th bi, t d.f h
Fent |1y oniiasTatvaL a Aokl 16t ke s Sethinch aniard P Rons srRle Hevamk ect ed.

identify on
Fur t her nor egoninler oustomhei pi&mse& kd/ @ cictal office! Bed Rey eshentiondllych 24 ga fed to

by Mt chi ng {RGES “BPESAIGSAT HEGEH 5P pad REFHRTUTLERFCH W A Topiae o

particul ar ¥ gsediapdiwith such a local loo c}: hasTieen eRp&Ehestaly Gggpﬁhgmdmé bez
C i s

represented by a co?)lex i@;lqggrgqm ocoﬁgg%%gb &ﬁ|ﬁnm?5 213‘!?@@ ot

structurally identi

shown) of (@3e¥ficidits assoviatee wich ¥aheersal lver 1900 THedy, function F, in
contrast to the nonlinear function F in the first enbodi ment. Speci fically,

the nonlinear device output having a conplex value, werr] + i werr], is
X : '
Pa-1 + i pi-
Pa-z + i i~z

Py = : s

Pa-M * i nyx--mJ

wherepa-; + i p{-1.Pi-2 + i Pla2 .. Pi-m + i pf-u are complex numbers
used as the respective M tap coefficients. (The superscripe “t" used in formula (2)
indicates the mamix ranspose operation wherein (Mx1) vector P, is mansposed into
(1xM) vector for the purpose of mamix multiplication.)

In the course of the precoding procsss, GPRP 185 renders, ina
conventional manner, more different values assumable by each of v and v than
each of the respective in-phase and quadrature-phase component inputs. This being
so, v and v respectively represent more “x” and "y" components of signal points
than do those component inputs. That is, after the precoding process, v; and v
combinedly represent more signal points (0 be zansmited than the signal points
defined in the constellation of FIG. 2. It should be noted at this point that in the prior
are, these signal points for transmission, which hersinafter are referred w as "GPRS
processed signal points”, normally occupy a square region of dimensions 2L by 2L.
It can be shown that these GPRS processed signal points would undesirably require
an average wansmission power higher than the average signal power required by a
prior art signal constellation having a shape ather than square. By contast, in
accordance with the present invention, because of the use of the signal constelladon
in the shape of the region R, which is a polygon having more than four sides, the
GPRS processed signal points occupy a region identical to R, rather than a 2L by 2L
square as in the prior art. Advantageously, the average oransmission power here is
no more than the average signal power required by the constellation of FIG. 2
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defined in accordance with the following fornula: werr] + i werr] =
FE(lerr] +i [err]) =[err] + i [err] n" (L' +1i 4L'/3) + n'[err](L" - i
4L' ] 3). where [err] + i[err] denotes the value of the conplex input
signal to the nonlinear device of GPRP 68%,. n'[err] and n'[err] are

I nt egers whose val ues are chosen in such a

- 13- The signal on lead 192 is applied to complex shaping filter 195, which
generates a passband signal which is illusmratively a so-called "carrierless AM/PM"
signal. Implementarionally, complex shaping filter 116 includes two finite-impulse
response digital filters -- in-phase filter 191 and quadrature-phase filter 194-- which
respectively process the real and imaginary components of the complex signal on
lead 192. Each of these filters is illustratively realized as a wansversal filter. Filters
191 and 194 differ from each other only in that their phase characteristcs are offset
from one another by 7t/2. This phase difference enables the receiver to separately
reconstruct the real and imaginary components of the signal on lead 192. The ourtputs
of filters 191 and 194 are combined in adder 193 to provide a digiral version of thc
signal to be transmirred.

It is important to note that the approach taken within complex shaping
filter 195 for generating a passband signal in response to the signal point represented
by the signal on lead 192 is different from the modulation typically used in, for
example, voiceband modems, such as quadrature amplitude modulation (QAM). In
the larter, specifically, an explicit or implicit (depending on the implementation)
rotation of the symbols by a carrier-frequency-dependent angle occurs. However no
such explicit or implicit rotation is performed with carrierless AM/PM. This is
significant because unless there happens to be an integral relationship between the
carrier frequency and the symbol interval T (which is not likely to be the case if the
carrier frequency and.symbol interval values are chosen to optimize the performance
of the ransmission scheme as a whole), the aforementioned rotation operation will
involve a non-wrivial muldplication, thereby adding a significant cost to the
wansmitter. A further advantage is that carrierless AM/PM is more simply processed
at the receiver than, for example, QAM. Additionally, carrierless AM/PM is
potentially more robust in the presence of non-linearities, such as those introduced in
the analog-to-digital conversion performed in the receiver.

The output of complex shaping filter 195 is converted to analog form by
D/A converter 196 whose output is then passed through low-pass filter 197 10
remove the higher-frequency images of the desired signal. The resulting analog
signal is applied to channel 198 which, as noted earlier, is illustratively a tciephonc
local loop.

Tuming now to FIG. 4, the analog signal on channel 198 is received by
receiver 40 wherein low-pass filier 401 filters out energy in the received signal at
frequencies nominally above the spectrum of the ransmitied signal. The resuliing
signal passes to gain conrrol circuit 403 which is programmable to adjust the gain
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way that the point (Werr],wWerr]) is wthinthe region R of FIG 7; and
L' is defined to be hal f the maxi mumw dth of the region R, as indicated

in FIG 7. Because of the particular choice of the 2D
constellation of FIG 7 used in'the present enbodi nent, the GPRP
processed signal points occupy a region identical to R, rather than a

square region as in the prior art. Advant a%eousl y, the aver age
transm ssion power required here is, againZ-no nore than the average signal
power required by the constellation of FIG 7. The out put of

CORD 685 whi Climp@RIdBIRifpbd SRR NCAEERR Heithe rdag'icm & AD EGflehlr
conpl ex shapln fll Il dentical to conplex sh a Ing filter 195)
fol | owed by D188 H‘b’e{‘:‘“@?“’% nAdP |cawqcs§§§emmeésarapf¢s it fﬁ%mdtsilml 81 gnal
representi ng %@ﬁ%@&% STBVI?HeAP&N&TlxzéxS4®p&?idxi%§te@'f':%‘?n ﬁx\éf‘é g?l&%' ing
Lo i B8 B T et TR 00 L, )
substant i al | yerd, shhples trcp,,, ambve] adQippliedtddindr cJRaizBF HOE Rk i6lbf f er ence
lies in the des 'v%rrllngr];al tdesxgg%g Jh?fhor\ﬁ%;%e, for example, of the type disclosed in U.S.
Patent No. 3,868,603 issued February 25, 1973, to Guidoux, hereby incorporated by
reference. Since linear equalizer 409 receives and processes more than one input for
each symbol interval T, it is referred to as a "fractionally spaced” equalizer. It s,
more specifically, referred to as a T/3 type of fractionally spaced equalizer since it
receives and processes inputs at a rate of three per symbol interval, and thus has a
so-called "tap” spacing of T/3. The output of T/3 linear equalizer 409 is generated on
to lead 410 once per symbol interval and has a complex value EQ,, whase real and
imaginary components are, respectively, eqi and eqy. '
Channel 198, being a local loop, like many other channels, conaibutes
to the ransmitted signal points mostly "colored”, rather than "white”, noise arising
from cross-talk within the ransmission cable. However, the trellis codes that have
been developed to date, including, for example, the code used in the present
embodiment, are known to provide coding gain in the presence of "white” noise.
This being so, in order to substantially realize the full coding gain of the mellis code
used, the noise that appears in trellis-coded signals to be processed by decoder 415
needs to be whitened before the signals are decoded.
To this end, the complex signal on lead 410 is input to conventional
M+1st-order ransversal filter 411 which whitens the noise in that signal. Thus,
wransversal filter 411 provides, on lead 412, an output signal having the noise
component ensured to be white. This output signal has a complex value Z, which is
defined in accordance with the following formula:

Zy=z3 +iz] =(eqq +ieqh) + Py Uy (3)

In this formula, z¥ and z} are, respectively, real and imaginary components of Z,;
eqn, eql and P, have been defined hereinbefore; and U, is an (Mx1) mawix, or |
vector, comprised of the M most recent complex output samples of linear equalizer
409. That is,
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section of the new receiver. As shown in FIG 8, data recovery section 80
of the new receiver, includes, inter alia, nonlinear device 813, decoder
"815, synbol-to-bit converter 817 and inner/outer decoder 821. Once every
signaling interval, nonlinear - device 813 receives a signal which has been
processed by processors structrally idenjgcal to those precedi ng nonlinear
devi ce 413 of receiver 40. Nonlinear device 813 perforns the

af orenenti oned function F' to thigs signal. The gesulting signal is fed to
decoder 815 for it to make the makigu ”‘hlk%th ¢d decisions as to what the
transmtted signal points were in ac or danc th the Viterbi algorithm
The constellation conprising the aFﬂbﬁb éFﬂnaﬁ points referenced by the
Virerbi algorithmin the predgnt pnbodi nent, |ike the first enbodinent, is
an enlarged version of that showh in FIG 7. F G 9illustrates this
reference constellation. A closey |look at FIG |9 reveals that it has, in

the center, the constellation of {$8aGu F tUeqned by the region R and 100
addi tional signal points surrounding R. Each allowed signal point in FIG
9is identified by a subset affiliation and a 5-bit pattern. Although the

bit patterns of half f 0, 54 90%beR%: His jdn@turc thar the above-described whitening
process performed by transversal filter 411 would normally have introduced, as a
concomitant, intersymbol interference or specifically so-called "post-cursors” into its
output signal. The generation of these “post-cursors” is, however, preveated by using
the aforementioned GPRS precoding in the transmitter.

The complex signal on lead 412 is applied. to data recovery section 45

wherein nonlinear device 413 processes this complex signal in accordance with the
GPRS technique. Nonlinear device 413 is identical to nonlinear device 189 of FIG.
1. The resulting signal from nonlinear device 413 is fed to Viterbi decoder 415
which performs a wellis decoding on the incoming signal using the Viterbi
algorithm. This algorithm generates the “maximum likelihood" decisions as to what
the ransmitted signal points were. [n particular, among other things, the Viterbi
algorithm, in a standard way, identifies a signal point from each of the subsets of a
reference constellation comprising so-called "allowed" signal points. Such a signal
point is identified to be the closest (in Euclidean distance) of all other signal poiats
within its subset to the point represented by the respective real and imaginary
components of the aforementioned incoming signal. Because of the fact that the
present arrangement involves nonlinear device 413, the reference constellation used
by the Viterbi algorithm to identify the closest signal points in this instance is
different from FIG. 2, which the Viterbi algorithm normally references. It can be
shown that the reference constellation, here, should be an enlarged version of FIG. 2,
as illustrated in FIG. 5. (Details on the Viterbi Algorithm can be found in G. D.
Forney, " The Viterbt Algorithm", Proceedings of Qe. IEEE, Vol. 761, pp. 268-278,
March, 1973, which is hereby incorporated by reference.) FIG. 5 has in the center
the constellation of FIG. 2 occupying the region R and additional 104 signal points
surrounding the region R. A closer look at FIG. 5 reveals that the enlarged
constellation is a section carved out of the center of FIG. 3. Moreover, each allowed
signal point in FIG. 3 is identified by a subset affiliation and a 4-bit pattern.
Although the bit patterns of haif the signal points in FIG. 5 are not explicitly shown,
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FIG 9 are not explicitly shown, those signal points assune the sane,
illustrated patterns of their counterparts which can be obtained by a 180
degree rotation, Return nowto FIG 8. A signal representative
of the maxi mum |i kel i hood decisions is provided by decoder 815 to

synbol -to-bit converter 817. A‘ccordingl)f,1 converter 817, which perforns the
I nverse function to constell ation mapper éSO, recovers seven bits during
each signaling interval. Furthernore, converter 817 accunulates 14 bits

over a pair thbsessigmadlpointt essuntesthe earse,itlustrmied patterns of their counterparts which
- 14 can be obtained by a 180 degree rotation.

Remmning now to FIG. 4, Viterbi decoder 415 provides a signal
representative of the maximum likelihood decisions to symbol-to-bit converter 417.
This converter performs the inverse function to constellation mapper 180 of
wansmitzer 10, thereby recovering the digital bits represented by the wransmirted
signal pbints. Specifically, during each signaling interval, converter 417 provides
S/P group deconverter 418 with a six-parallel-bit word corresponding to the six bits
on leads 152 and 153 of wansmirter 10. S/P group deconverter 418 receives such
six-parallel-bit words and processes them in pairs. The first two bits in each of a pair
of the words are provided to inner/outer decoder 421. The remaining four bits of
each of the pair are provided 10 P/S converter 425. In response to its input,
inner/outer decoder 421 performs the inverse function to inner/outer coder 141 of
FIG. 1, thereby providing three parallel bits also to P/S converter 425. This converter
supplies a serial bit sream for descrambier 427 to descramble. The descrambled bir
stream is thereupon applied to data sink 429 which may be, for example, a computer
terminal.

A second embodiment according to the inventon includes ransmitter
60, which is shown in FIG. 6. Here, data is transmitted at 480 Kb/s at a symbol rate
of 40 KHz (or at a symbol interval = 1/40 ms). Thus, each symbol in this illustrative
embodiment is representative of 12 data bits. Moreover, each symbol is 4-
dimensional (4D} and can be represented as a pair of signal points. This pair of
signal points are transmitted over two individual signaling intervals each of 1/80 ms
duration.

Many of the circuit elements of transmitter 60 are the same as or similar
to those of transmitter 10 in FIG. 1. Thus, for example, data source 610 supplies a
data bit stream at 480 Kb/s to ransmitter 60 wherein scrambler 620 scrambles the
incoming bit stream. S/P converter 630 collects a group of 12 bits from the
scrambled bit stream once every symbol interval. It then provides a 12-parallel-bit
word to coder 640. Six bits of this word appear on leads 647 and 649 each having an
equal share of three bits. The remaining six bits form two 3-bit subwords which are
respectively processed by inner/outer encoder 641 and 4D trellis encoder 670.
Encoder 641, which is structurally identical to innerfouter encoder 141 of FIG. 1,
generates two bit-pairs on respective leads 643 and 645. 4D trellis encoder 670
implements a standard, rate 3/4 trellis code and generates two bit-pairs on respective

leads 651 and 653. .
Thig is the replacement sheet
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synbol interval. One of the 14 accunulated bits is discarded as it

represents redundancy inposed by the particular trellis code used in this
“enmbodi ment. Thus, during each synbo] (3 nterval, converter 817 provides 13
bits at its output. Nine of these 13 Blts are passed out of data recovery

1L pai s cor r esp TR SERYARBERaYsodes 40 tstds JAPREE e ¢ he out putof
13 n{ler/ out ecrns:eﬂmmiemta dszb aﬁhﬁacgﬁx with eftRE RS SR ek @u& bﬁ&ﬁdﬁ 64‘.’6;64%9% Secong

it-pairs er decoder 0 ction to encoder
641, t herg%&/&glgdrr%?g?r ‘hﬁ i géts 85??9?31“; tﬁr“trgrss‘mgg’ éﬁ° '?F@gé“’t"’hr ee bits
are pgssem FIGuT ap vetlats F1Ge6,ale rmesitavam D cehswindon hlﬁus&h@v('jeﬁ Qfe.ngE ntioned
nine bits put t e ata
recovery sect | o%gjé%? Frtculr}t Wg %{(g@gg(&?\?’e{nﬁ df’hgéf}g BEPOUY S8y ar 1o
t hose suc@é@&mg regioa R ewbmbldynmaham:ﬁﬁ of therconsellzdon3(t isof FI G 3. The
i ndi vi du k I on the

A ordv ier & &Sché’tshr{?g%?ﬁu? 19 gﬁxgﬂ i§ .8 S&R'aﬁrﬁﬁagas Sthore

di scl osure ore an us nee

It can b %fhf@%hﬂ@%tan d s shngecgain G@Mm:@rg&lhuoramxm mapstated
versions @ be fully interwoven chroughout the X-Y plane, without leaving any

interspace for possible, additional signal points.

Each of the signal points in the 2D constellation belongs to one of four
subsets, as dictated by the design of the mellis code used. These four subsers are
denoted 2, b, cand d. Also shown in FIG. 7 are bit-patterns associated with the
signal points, and each of these bit-parterns is made up of five bits. (Although the
associated bit-patterns for three-quarters of the signal points in FIG. 7 are not
explicitly shown, the omirted patrerns can be easily determined based on the
illuscated patterns. [n face, the signal points with the omitted pattemns assume the
same parterns of their counterparts which can be obrained by 30 degres rotadons.)
During each signaling interval, constetlation mapper 620 selects a particular signal
point of the constellation using the received seven-bit word. To this end, the bit-pair
within the seven-bit word from either lead 651 or lead 633 is used to idendfy cne of
the four subsets from which the signal point is selected. Furthermore, the remaining
five bits of the seven-bit word are used to identify the pardcular signal point from the
already identified subset by marching those bits with the bit-partern associated with
that particular signal point.

The selected signal point is represented by a complex signal and is
processed by GPRP 685 which is structurally idendcal wo GPRP 185 of FIG. . The
noalinear device (not shown) of GPRP 685, however, implements a nonlinear
function F’, in contrast to the nonlinear function F in the first embodiment.
Specifically, the noalinear device output having a complex value, wi + i wi, is
defined in accordance with the following formula:

wa +iwl S FBE+iB) =B +iBf +n" (L +i4L/3) +n'g(L" - i4L"/3).

where B7 + B2 denotes the value of the complex input signal to the nonlinear
device of GPRP 685; n’{ and a” - we integers whose values are chosen ia such 4
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transm ssion power - realized in the first and second enbodi nents by virtue
of the use of the signal constellations of FIG. 2 and 5, respectively, can
al so be realized using other signal constellations, which are generically
represented in FIG 10. In this figure-18he signal points (not shown) are
regularly spaced within a region r which is a polygon in the center of an

X-Y plane. This reqion r, defifies the domai.n_af, ric.congtellation in
accor dance Y% ﬁmfﬁ‘gp&’%‘ dp'“f?ﬂ\}éﬁ?ﬁhﬂhl. c,&ggl%%n °?§9§1n§~‘“§6- 1§ ﬁ%“ﬁiﬂ&s" K&l f of
t hi s gener i mifthesiaimam wftrh of tefreped RyasindRared ik FIGUBh K in the first
quadrant of the X-Ygpl ane, aé\eg anot herh K 5%;9 S, the, secon. mlgdra t which
are the nirror i magBSCHseafiePupEyarghaiss JB‘FV GoaF AN FlGo Agsedhe
Y-axi s, whdnehdpreseht efmbotilmentpthe GRRIR ploatssedsizakll podifits bbeupyenegion
constel | ati.Qn 'c§1%%j neg b[% the mrror ima?‘; of .t he tg hal f r flﬁ%cti ng
al ong t he SCHHCE! e RS TRLA SIIC KERIPY BHTLNS DAL SDLtiesond eel y
denot ed vssivemge lrassmizsiongaoier Adgdired hemngtdgainyhe meordthan thah\feri%esigfm I mum

e generic

\émoﬁ;[]e?r a{ i%%nwgé%%krgégyéﬁ ﬁ%qsmélafipp IQF Fg(?'?ealofoabgeig(r)l\c/ims} 22',[ 1é}let erm ned by
the nunber of signaThpoumpusofGPRE t85evhielyrdpagsdenrs the GPRP processed signal
points is fed to complex shaping filter 695 (identical to complex shaping filter 195),
followed by D/A converter 696 and low pass filter 697. The resulting signal
representing a GPRS processed signal point is applied once every signaling interval
to channel 698, which is identical to channel 198 as described hereinbefore.

The receiver in this second embodiment is substandally similar to
receiver 40 of FIG. 4. The principal difference lies in the design of the data recovery
section of the new receiver. As shown in FIG. 8, data recovery section 80 of the new
receiver, includes, inter alia, nonlinear device 813, decoder 8135, symbol-to-bit
converter 8§17 and innerfouter decoder 821. Once every signaling interval, nonlinear
device 813 receives a signal which has been processed by processors structurally
identical to those preceding nonlinear device 413 of receiver 40. Nonlinear device
813 performs the aforementioned function F’ to this signal. The resulting signal is
fed to decoder 815 for it to make the maximum likelihood decisions as to what the
wransmitred signal points were in accordance with the Viterbi algorithm.

The constellation comprising the allowed signal points referenced by the
Viterbi algorithm in the present embodiment, like the first embodiment, is an
enlarged version of that shown in FIG. 7. FIG. 9 illustrates this reference
constellaton. A closer look at FIG. 9 reveals that it has, in the center, the
constellation of FIG. 7 defined by the region R’ and 100 additional signal points
surrounding R’. Each allowed signal point in FIG. 9 is identified by a subset
affiliaton and a 5-biz pattern. Although the bit patterns of half the signal points in
FIG. 9 are not explicitly shown, those signal points assume the same, illusrated
patterns of their counterparts which can be obrained by a 180 degree rotation.

Retm now to FIG. 8. A signal representative of the maximum
likelihood decisions is provided by decoder 815 to symbol-to-bit converter 817.
Accordingly, converter 817, which performs the inverse function to constellation
mapper 680, recovers seven bits during each signaling interval. Furthermore,
converter 817 accumulates 14 bits over a pair of signal intervals consttuting 2

Y
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spaced therein. Specifically, the first size refers to a nunber of
K(K+1)Nerr] signal points for any positive even integer Nerr]. The second
size refers to a nunber of 2K(K+1)N err] signal points for any positive
integer NJerr]. In fact, the signal constBttation of FIG 2 is an exenplary
constellation of FIG 10 having a first size. with K= 2, Nerr] =4 and A

= L. Mor eovegymbbleinteredl 2 OneUTshe t 4 abduohuitled i Sis dist&ded a8 SeriY's
constel |l ati on

- L rccfv?z];xda!.::llc% im%%se%l\:/)l' the pe}arrs;ceu z(i)rntgclﬁls Sode L\geEIQn lﬁu? e?n’bo rgernrt.] 'ﬂ:msz and A
during each symbol interval, converter 817 provides 13 bits at its output. Nine of
these 13 bits are passed out of data recovery section 85 via lead 823. The remaining
four bits form first and second bit-pairs corresponding to the two respective bit-pairs
at the output of inner/outer encoder 641 of FIG. 6. In response to these first and
second bit-pairs, innerfouter decoder 821 performs the inverse function to encoder
641, thereby generating three parallel bits as an output. These three bits are passed
out of data recovery section 85 along with the aforementioned nine bits on lead 823.
The resulting twelve bits outputted by data recovery section 85 is further processed
by the processors similar to those succeeding data recovery section 35 in receiver 30
of FIG. 3. The individual functions of these processors are apparent based on the
disclosure heretofore and thus need not be dwelled upon here.

It can be shown that the above-noted advantage -- a saving in
ransmission power -- realized in the first and second embodiments by virtue of the
use of the signal consteflations of FIGs. 2 and 3, respectively, can also be realized
using other signal constellations, which are generically represented in FIG. 10. In
this figure, the signal points (not shown) are regularly spaced within a region I”
which is a polygon in the center of an X-Y plane. This region I" defines the domain
of a generic constellation in accordance with the present invention. As seen in FIG.
10, the top half of this generic constetlation is defined by steps 1 through X in the
first quadrant of the X-Y plane, and another K steps in the second quadrant which are
the mirror images of those steps 1 through K reflecting along the Y-axis, where K >
L. Furthermore, the bottom half of the generic constellation is defined by the mirror
image of the top half reflecting along the X-axis. The vertical and horizontal step
sizes, respectively denoted vss and hss, are each A/K in length, where A is half the
maximum width of region I".

It can also be shown that the generic constellation can have either a first
size or a second size, determined by the number of signal points which are regularly
spaced therein. Specifically, the first size refers to a number of K(K+1)N? signal
points for any positive even integer N . The second size refers to a number of
2K(K+1)N3 signal points for any positive integer No. In fact, the signal
constellation of FIG. 2 is an exemplary constellation of FIG. 10 having a first size.
with K =2, N; =4and A =L. Moreover, the signal constellation of FIG. 7 is an
exemplary constellation of FIG. 10 having a second size, with K =3, N, =2 and
A=L"
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It is inportant to note that any constellation derived fromFI G 10 can be
fully interwoven with its translated versions throughout the X-Y plane. It
‘is this last property of the constellation enables one to realize the
above-noted advantage. This being so, itjsis anticipated that a hexagonal
constel l ation which, although not included in FIG 10, satisfies thi s I ast

property and, in fact can be advant eous |I|z . d
the invention. It is importgRLOMdie ‘F\%’rséﬁg tpp E’%Y?da@'%‘?ﬁ ?Q pI es
of the i nvenfull?ﬁnﬁmov%’v@ﬁﬁ 1f§lfxi"t|trllr>]letid|¢ér§ié}t% cﬁfdulcﬁbbdrhbe(-ﬁfo;blﬁné ongkemmals):
numer ous arran enen i C a no i,Ci shown or desc
her ei n, enboB? %aﬁer?@f‘fﬂ’g%“%‘fc'}“ﬁ%s °H9é‘?1fq"§ge :quxtbo&& EF\IHn WYaRARE H&‘&t not
limtation, bemgsmasslahhezpmdlmﬁumam abrstélalon welichy dlthougtonodigcluded

al t.hou h theggagerlc co stellajon

di ol osed_ heldf fQsaprtesbisi R Forpng; SaiEr Rt Ptz e
hori zont al sdceprdaneewith theiivedti®y can, hovvever be different if so desired.
" The foregoing merely illustrates the principles of the inventon and
those skilled in the art will be able to devise numerous arrangements which, although
not explicitly shown or described herein, embody the principles of the invention. By
way of example, but not limitation, some possible variatons and alternatives will
now be described.

For example, although the generic constellation disclosed herein has the
vertical step size -- vss -- identical to the horizontal step size -- hss, they can,
however, be different if so desired.

The illustrative embodiments have disclosed the invention in the context
of wansmission on a local-loop which is a two-wire cable. An alternadve, however,
is to use a four-wire loop, i.e., a separate two-wire loop for each direction of
ransmission. Moreover, this invention is equally usable with other channels such as

a voiceband telephone channel.

The invention has been disclosed using carrierless AM/PM. However,
other passband transmission schemes, including non-carrierless schemes such as
quadrature-amplitude modulation, can be used to implement the invention.
Similarly, although the illustrative embodiments utilize a two-dimensional
modulation scheme, the invention can be implemented using moduladon schemes of
any other desired dimensionality, including, for example, one, four or eight
dimensions. Advantageously, a multi-dimensional modulated signal may be more
robust in the presence of particular channel impairments than, say, a one-
dimensional, e.g., single sideband, modulated signal. In addition, as long as the
coordinates of the symbol in each dimension are dependent--that is, each coordinate
is a function of ail of the dara bits that the symbol represents, rather than being an
independent function of somne subset of those bits—-increasing the dimensionality of
the symbols increases the margin against noise and various channel impairments.
Indeed, the improved receiver error performance may be sufficiently significant to
make worthwhile the added implementational complexity of using, say, eight
dimensions.
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The illustrative enbodi ments have di scl osed the invention in the context of
transm ssion on a local-loop which is a two-wire cable. An alternative,

“however, is to use a four-wire loop, i.e., a separate two-wire | oop for
each direction of transm ssion. Mreover, this invention is equally usable
wi th other channels such as a voi ceband tel ephone channel. The

i nvention has been disclosed using carrierless AMPM However, other
passband transm ssion schenes, including non-carrierless schemes such as
guadr at ure- anpl i t ude nodul ati on, can be ugll%d to i nplenent the invention.
Simlarly, although the illustrative enbodi‘ments utilize a two-di nensional
nodul ati on schene, the invention can be inplenented using nodul ati on
schemes of any ot her désaltydheinvemdseonaliiciosed hardinih o fpmf iarwieziadp wrioase,

i gnal mmy eSS BRRsBU0s RRCHEHs TR Rt By i QPR Moot s
than, say, a myenedirmeorsiafnbtse fengions souldlegusilyieotvd, perfoduedbpdnsogmate | n
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Is a function of all of the data bits that the synbol represents, rather
than being an independent function of some subset of those bits--increasing
the dinensionality of the synbol s increases the margi n—agai nst noi se and
various channel inpairnents. |ndeed, the -il¥proved recei ygsSteetits BeenRep‘liF

performance may be sufficiently si gni ficant to make wort “‘\‘H
i pl ement at i op@dingonPl exity of using, say, eight dinmensi qm\l\m“\“
1. Dara transmission apparatus
CHARACTERIZED BY
means for selecting signal points from a signal constellatdon which
includes a plurality of signal points within a polygonal region having more than four
sides, each of said plurality of signal points being representative of data;

" means for processing the selected signal points using a generalized
partial response signaling (GPRS) technique such that subsequent distortion
affecting accurate recovery of said selected signal points is reduced, the processed
signal points occupying a region substantially identical to said polygonal region; and

means for transmitting a signal representing said processed signal
points.

2. The apparatus of claim 1
CHARACTERIZED IN THAT
said signal constellation has such a shape that said signal constellation
and translated versions thereof can be interwoven throughout a plane without leaving
any interspace for additional signal points.

3. The apparatus of claim 1
CHARACTERIZED IN THAT
said dara is encoded with a trellis code.

4. The apparatus of claim |
CHARACTERIZED IN THAT
said polygonal region is hexagonal.

5. A method for recovering data represented by ransmitted signal points,
said transmitted signal points having been encoded by a precoding step to reduce
subsequent distortion affecting accurate recovery of said data in accordance with a
GPRS technique, said method

CHARACTERIZED BY the steps of

receiving said transmirted signal points, which occupy a region whose
shape is substantially identical to that of a signal constellation, said signal
constellation including a plurality of signal boints, said transmitted signal points
being derived from selected ones of said plurality of signal points, said region being

This is the replacement sheet
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- 16- Finally, the invention is disclosed hereinin a formin
whi ch the various signal processing functions are performed by discrete
functional blocks. However, any one or nore of these functions could

equally well be performed by one or nore appropriately programred
m croprocessors, mcrocoded digital signal processing chips, etc.

polygonal and having more than four sides; and

recovering said data, said recovering step including the step 'of
compensating for effects of suid precoding step.

6. The method of claim 5
CHARACTERIZED IN THAT

said signal constellation has such a shape that said signal constellarion

and translated versions thereof can be interwoven throughout a plane without leaving
any interspace for additional signal points.

7. The method of claim 5
CHARACTERIZED IN THAT
said data is encoded with a trellis code.

8. The method of claim 5

CHARACTERIZED IN THAT
said region is hexagonal.

un\iin‘iii\’f i \‘i\‘ﬂ
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- 17 - | claim 1. Data transm ssion apparatus conprising means

for selecting signal points froma signal con- stellation derived from
a rectangul ar lattice which i ncludes a plurality of signal points
within a polyg- onal region having nore than four sides, each of

said plurality of signal points being repré&$entative of dat a; means
for processing the selected signal points using a generalized parti al

response signaling (GPRS) TECHNIQUE FOR COMPENSATING FOR
INTERSYMBOL INTERFERENCE
Abstract
In a communications system, a generalized partial response signaling

(GPRS) technique is employed to compensate for intersymbol interference. To this
end, signal points representative of data to be transmirted are selected from a signal
constellation. This signal consteilation includes a multiplicity of signal points which
are regularly spaced within a polygonal region having more than four sides. The
selected signal points are precoded in the transmitter in accordance with the GPRS
technique. Because of the particular choice of the signal constellation used, the
precoded signal points for ransmission occupies a region identical to the polygonal

region.

FIGURE 2
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techni que such that subsequent distortion affecting accurate recovery
of said selected signal points is reduced, the processed signal points
‘occupying a ™ region substantially identical to said poLygnnaI

regi on; and means for transmtting a Signal representing:?qg pr o-
cessed signalwpoints. 2. The apparatus of claim1 mhereih_gg'd si gnal

con- stellatigdn has such a shape that said signal constellati®p and.
e W t hout

transl ated vggsioms thereof can be interwoven throughout a
| eavi ng any i Nt er spAce for additional signal points. 3. _Thdg apparatus of
claim1l whefein said data is en- coded with a trellis code. 4. Recelver :
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sented by transmitted signal points, said transnitted signal points having
been encoded by precodi ng neans to reduce subsequent distortion affecting
-accurate re- covery of said data in acgordance with a GPRS tech- nique,

sai d apparatus conpri sing
poi nt's,

I dentical to that of a signa

bei ng derived from a rectangul ar

means for
whi ch occupy a regi on whose shape is substantially
constel l ation,

eceiving said

ted signal

sai d signha
| attice and including a plurality of
poi nts being derived from

transm tted signal

constel |l ati on

si gnal points, said transm t
sel ected ones of said plurality of signal points, said regi on being
pol ygonal and having nore than four si des; and nmeans for recovering
said data, said recovering
FIG. 2 v
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means i ncl udi ng neans for conpensating for ef- fects of said precoding
nmeans. - 18 - 5. The apparatus of claim4

8
-wherein said signal con- stellation has?]such a shape that said signal
thereof can be interwoven

constellation and transl ated versi ons

T OO v .aw .o,
- LD = T e T
F 0 O U O v I <
TV o Tha o
O e,
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| eavi ng any interspace for additional signal

t hr oughout a pl ane w t hout
poi nts. 6. The apparatus of claim4 wherein said data is en- coded wth a
trellis code. 7. A data communications system conprising, _nmeans for :
sel ecting signal points froma signal cofi- stellatiof Qﬁi%ed froma
includes a plurality of sighgdl=S@@ints within

rectangul ar lattice which
a pol yg- onal regiop.having npore than four sides’  each Of3_ sai d
adj ng the —

plurality of signal points i ng-data.____peans for.pr
sel ected signal points using a techni glie such t¥ay Shbsequent ,f
di stortion affecting acceate recoveryfof spi d signal\_o@tjs S g'
reduced, the precoded sijgnal poi gCicupyi g a regi on sg@stantially
i dentical to said pol yggna ’ :
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means for recovering said data froma received signal

regi on; and
points, said recovering neans

representative of said precoded signa
“including neans for conpensat - |ng5for effects of said precodi ng neans.

8. The systemof claim7 wherein said signal constel- lation has such a
shape that said signal constellation and translated versions thereof can be

i nterwoven through- out a plane without |eaving any interspace for addi-
tional signal points. 9. The systemof claim7 wherein said data is
encoded with a trellis code. 10. A method for transmtting data, said

met hod com pri sing Fﬁﬁ@te@ of selecting signal points froma signal
constell ation
v
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derived froma rectangular lattice which includes a plurality of signal
points within a polygonal region havi ng -nore than four sides,- each of
of signal points representing data; processing the

said plurality L
sel ected signal points using a GPRS t gchfi such that subsequent
di stortion affecting accurate recover§ of Zid sel ected signal points

S reduced, the processed signal point cgupying a regi on
substantially identical to said pol ygonal kon; and transmtting a
signal representing said processed.sig-. nal paints
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such a shape that said signa
tan be interwoven throughout a plane w
si gnal "points.
en- coded with a trellis code.

addi ti onal

represent ed by

11. The method of claim 10 wherein said signal
constell ation and transl ated versi ons thereof

hout | eaving any interspace for
od of claim 10 wherein said data is

13. A method for recovering data

12. The net

con- stellation has

| | l
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transmtted signal points, said transmtted signal points
encoded by a precoding step to reduce subsequent distortion affecting
accurate recovery of said data in accordance with a GPRS techni que, said

met hod conprising the steps of recei vi%g sai dd
whi ch oc- cupy a regi on whose shape i s subs
that of a signal constellation, said signa

derived froma rectangular lattice and

point said transmt- t l. points beipp.
poi nts, said region
and recovering s
of conpensati ng th

of said plurality of signa
havi ng nore than four sideg;
step includi ng the ste

congt

el - |
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- precodi ng the sel ected signal point using a GPRS
‘subsequent distortion affecting

*signal points is
region substantially |dent|cal to said

- 20-

reduced,

FIG. 10
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recovering said data froma received signal represen-- - -tative of -said -
precoded signal points, said recover- ing, step including the step of
conpensagi ng for effects of said precoding gtep. - 17." The gethod of

claim 16 wherein said signal con- stellatjon has such a shape’ that :said *®
signal constellation and translated vérdilors thereof car be.interwsven
t hroughout a plane w thout |eaving any interspace for addiiti.onal :signal ..
poi nt s. 18. The nethod of claim 16 wherein paid data is en- coded with a:
trellis code. P R ( { & B :
[ claim: U O S
1. Data transmission apparatus comprising
means for selecting signal points from a signal con-
stellation derived from a rectangular lattice which
includes a plurality of signal points within a polyg-
onil region having more than four sides, each of
said plurality of signal points being representative
of data;
means for processing the selected signal points using
a generalized partial response signaling (GPRS).
technique such that subsequent distortion affecting
accurate recovery of said selected signal points is
sreduced, the processed signal points occupying a
region substantially identical to said polygonal
gegion; and '
means for transmitting a signal representing said pro-
cessed signal points.
2. The apparatus of claim 1 wherein said signal con-
stellation has'such a shape that said signal constellation
and. translated versions thereof can be interwoven
throughout 2 plane without leaving any interspace for
additional signal points.
3. The apparatus of claim 1 wherein said data is en-
coded with a trellis code.
-4, Receiver apparatus for recovering data repre-
sented by transmitted signal points, said. transmitted
signal points having been encoded by precoding means
to reduce subsequent distortion affecting accurate re-
covery of said data in accordance with a GPRS tech-
nique, said apparatus.comprising '
means for receiving said transmitted signal points,
which occupy a region whose shape is substantially
identical to that of a signal constellation, said signal
- constellation being derived from a rectangular
lattice aand including a plurality of signal points,
said transmitted signal points being derived from
selected ones of said plurality of signal poiats, said
region being polygonal and having more than four
- sides; and
means for recovering said data, said rwa"“'“{‘
means including means for compensating fOr ¢
fects of said precoding means.
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5. The apparatus of claim 4 wherein said signal con-
stellation has such a shape that said signal constellation
and translated versions thereof can be interwoven
throughout a plane without leaving any interspace for
additional signal points.

6. The apparatus of claim 4 wherein said data is en-
coded with a trellis code.

7. A data communications system comprising

means for selecting signal points from a signal con-

stellation derived from a rectangular lattice which
includes a plurality of signal points within a polyg-
onal region having more than four sides, each of
said plurality of signal points representing data;

means for precoding the selected signal points using a

GPRS technique such that subsequent distortion
affecting accurate recovery of said signal points is
reduced, the precoded signal points occupying a
regxon substantially identical to said polygonal
region; and

means for recovering said data from a recexvcd signal

representative of said precoded signal points, said
recovering means including means for compensat-
ing for effects of said precoding means.

8. The system of claim 7 wherein said signal constel-
lation has such a shape that said signal constellation and
translated versions thereof can be interwoven through-
out a plane without leaving any interspace for addi-
tional signal points.

9. The system of claim 7 whetem saxd data is encoded
with a trellis code.

10. A method for transmitting data, said method com-
prising the steps of

.selecting signal points from a signal constellation

derived from a rectangular lattice which includes a
plurality of signal points thhm a polygonal region
having more than four sides, each of said plurality
of signal points representing data;

processing the selected signal points using 2 GPRS

technique such that subsequent distortion affecting
accurate recovery of said selected signal points is
reduced, the processed signal points occupying a
region substantially identical to said polygonal
region; and

transmzttmg a signal representing said processed sig-

nal points.
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11. The method of claim 10 wherein said signal con-
stellation has such a shape that said signal constellation
and translated versions thereof can be interwoven
throughout 2 plane without leaving any interspace for
additional signal points.
12. The method of claim 10 wherein said data is en-
coded with a trellis code.
13. A method for recovering data represented by
transmitted signal points, said transmitted signal poiats
having been encoded by a precoding step to reduce
subsequent distortion affecting accurate recovery of
said data in accordance with 2 GPRS technique, said
method comprising the steps of
receiving said transmitted signal points, which oc-
cupy a region whose shape is substantially identical -
to that of a signal constellation, said signal constel-
lation being derived from a rectangular lattice and
including a plurality of signal points, said transmit-
ted signal points being derived from selected ones
of said plurality of signal points, said region being
polygonal and having more than four sides; and

recovering said data, said recovering step including
the step of compensating for effects of said precod-
ing step.

14. The method of claim 13 wherein said signal con-
stellation has such a shape that said signal constellation
and translated versions thereof can be interwoven
throughout a plane without leaving any interspace for
additional signal points.

15. The method of claim 13 wherein said data is en-
coded with a trellis code.

16. A method for communicating data, said method
comprising the steps of '

selecting signal points from a signal constellation
derived from a rectangular lattice which includes a
plurality of signal points within a polygonal region
having more than four sides, cach of said plurality
of signal points representing data;

‘precodinig the selected signal points using a GPRS
technique such that subsequent distartion affecting
accurate recovery of said selected signal points is
reduced, the precoded sigual points occupying a
region substantially identical to said' polygonal
region; and
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recovering said data from a received signal represen-
tative of said precoded signal points, said recover-
ing step including the step of compensating for

. effects of said precoding step.

17. The method of claim 16 wherein said signal con-
stellation has such a shape that said signal constellation
and translated versions thereof can be interwoven
throughout a plane without leaving any interspace for
additional signal points.

18. The method of claim 16 wherein said data is en-
coded with a trellis code. :
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TECHNIQUE FOR COMPENSATING FOR
INTERSYMBOL INTERFERENCE

Abstract

In a communications system, a generalized partial response signaling
(GPRS) technique is employed to compensate for intersymbol interference. To this
end, signal points representartive of dara to be ransmitted are selected from a signal
constellation. This signal constellarion inctudes a multiplicity of signal points which
are regularty spaced' within a polygonal region having more than four sides. The
selected signal points are precoded in the transmitter in accordance with the GPRS
technique. Because of the particular choice of the signal constellation used, the
precoded signal points for transmission occupies a region identical to the polygonal

region.
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