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1
PRECODED TERNARY DATA TRANSMISSION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica- >
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to high-speed transmission of
digital data over transmission channels of limited band-
width. In particular, a transmission rate of three bits per
cycle of bandwidth is attained in communication chan-

: . . g . 15
nels whose signal-to-noise ratio limits the number of
transmitted levels that can be reliably distinguished 1n a
multilevel channel signal.

2. Description of the Prior Art

In U.S. Pat. No. 3,388,330, issued to E. R. Kretzmer
on June 11, 1968, the concept of communication chan-
nel shaping to effect controlled correlation between
received signal samples is introduced. Such controlled
signal shaping is called partial-response shaping because
the impulse response to each signal input is so related to 5
the signaling interval that the response within a signal-
ing interval is only partial. The result is that intersymbol
interference is allowed to occur, but it is structured In
such a way that the binary significance of individual
samples of the received signal is preserved. Symbol 3,
speeds at the maximum theoretical rate of two symbols
per second per Hertz of bandwidth and the correspond-
ing binary bit rate of two bits per second per Hertz are
thus readily obtained in practical communication chan- -
nels. 35

In my copending joint patent application with A. M.
Gerrish, Ser. No. 639,870, filed May 19, 1967, Now U.S.
Pat. No. 3,492,578 issued Jan. 27, 1970, it is further
disclosed that by combining multilevel (more than two
levels per symbol) signaling with partial-response en- 49
coding an equivalent binary signaling speed in excess of
two bits per second per Hertz of channel bandwidth can
be attained. Specifically, a speed logz N bits per channel
symbol is possible for N input levels per symbol. With
the maximum partial-response symbol rate of two sym- 45
bols per second per Hertz this gives a bit rate of 2 log>
N bits per second per Hertz.

Practically, N appeared to be restricted to powers of
two so that an integral number m(m=log> N) of binary
input digits would be encoded on each level and so that 50
there would be a direct correspondence between the N
levels of the multilevel signal and the N possible combi-
nations of the m binary digits. However, with partial-
response encoding, the N baseband levels generate
(2N-1) channel levels. Moreover, for each increase n 55
the number of channel levels there is a signal-to-noise
penalty that in many practical communication channels
prohibits four-level baseband operation.

It is an object of this invention to adapt the partial-
response principle to attain a speed capability for data 60
transmission at rates of m bits per symbol, such that mis
no longer restricted to being a positive integer, 1.e., the
binary signaling rate is a nonintegral multiple of the
channel baud rate.

It is another object of this invention to increase the 65
equivalent binary data transmission rate of a synchro-
nous digital transmission system without changing the
synchronous channel symbol rate itself.

10

20

2
SUMMARY OF THE INVENTION

According to this invention, binary digital data sig-
nals generated at a speed greater than the symbol rate of
a synchronously timed, band-limited channel over
which transmission is to occur are processed for trans-
mission over such channel without changing its syn-
chronous timing. The resultant equivalent binary trans-
mission rate becomes a nonintegral multiple of the chan-
nel symbol rate.

In general, binary signals generated at a rate not €x-
ceeding logz N times the symbol rate of a communica-
tion channel are transformed into N-level signals by
mapping first blocks of binary or two-level digits of
length m into second blocks of N-level digits of length
n. The values of m, N and n are selected such that 27 1is
less than n”, N is an integer that is not a power of two,
and there is at least one unassigned N-level second
block. The N-level digits of the second block are ap-
plied to the channel of bandwidth W at the maximum
theoretical baud rate of 2W symbols per second, thus
forming a (2N-1)-level channel signal with an informa-
tion rate of logz N bits per symbol precoded 1n accor-
dance with the inverse of the channel impulse response,
and the transmitted N-level digits are recoverable by a
modulo-N reduction from single samples. The occur-
rence of an unassigned N-level second block of length n
at the receiver is used as a basis for proper synchroniza-
tion of second blocks before decoding the original bi-
nary signals.

In an illustrative embodiment binary input signals are
transformed into ternary signals, precoded for compati-
bility with partial-response signal shaping, and apphed
to a partial-response channel. Specifically, for m and N
equal to 3 and n equal to 2, binary input signals are
partitioned into first groups of three two-level digits
and each such first group is translated into a preassigned
second group comprising pairs of three-level digits. The
second groups of three-level digits occur at the selected
synchronous symbol rate of the partial-response chan-
nel. Because there are more available permutations of
three-level or ternary digits taken two at a time, 1.e.,
32=9, than there are permutations of two-level digits
taken three at a time, i.e., 23=8, one three-level digit
pair can be reserved for marking the required partition-
ing of received pairs for decoding purposes with mini-
mum redundancy. In the illustrative embodiment a
channel bandwidth W equal to 36 kilohertz transmits
108-kilohertz binary signals at a baud rate of 72 kilo-
hertz.

In addition to the partitioning of binary input signals
and their translation into ternary digits, logic operations
are performed on the ternary digits to precode them for
partial-response transmission whereby five-level chan-
nel signals can be decoded modulo-three at single sam-
pling instants. The five-level channel signal results from
the application of successive ternary digits to an exem-
plary partial-response channel at the symbol rate 2W.

At a receiver for the incoming partial-response signal
analog-to-digital slicing and logic operations recover
the ternary digits. Successive ternary digits are moni-
tored in pairs for the occurrence of the unassigned pair
in a block synchronizer. A timing wave generated at the
block frequency, i.e., half the channel frequency for the
exemplary case, is left undisturbed as long as the forbid-
den pair occurs as the last digit of one block and the first
digit of the succeeding block. However, an overflow
counter is provided to tally the number of times the
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unassigned pair occurs in the center of a block of two
ternary digits. Upon overflow the block timing wave is
retarded by half a cycle to restore correct block syn-
chronization. Regeneration of the binary triplets from
the ternary doublets then proceeds in logical fashion.

In order to simplify the handling of ternary digits
binary encoding is used throughout. Accordingly, it is a
teature of the invention that two binary digits encode
each ternary digit in such a way that the sum of the
binary digits becomes the equivalent of each ternary
level. Thus, conventional binary logic elements can be
employed.

It is another feature of the invention that a binary data
sequence occurring at a rate not integrally related to the
channel rate can be transmitted without altering the
channel rate and at the same time an overall transmis-
sion rate compatible with signal-to-noise ratios available
in practical channels can be achieved.

DESCRIPTION OF THE DRAWING

The several objects, features and advantages of this
mvention will be more fully appreciated by a consider-
ation of the following detailed description and the
drawing in which:

FIG. 1 1s a block diagram of a partial-response data
transmission system which achieves an overall equiva-
lent binary transmission rate in bits of 3 times the chan-
nel bandwidth according to this invention:

FIG. 2 1s a timing diagram of aid in explaining binary-
to-ternary signal translation according to this invention;

FIG. 3 is a logical block diagram of an illustrative
embodiment of a binary-to-ternary converter useful in
the practice of this invention:

FI1G. 4 1s a logical block diagram of a ternary partial-
response precoder combined with a digital-to-analog
converter useful in the practice of this invention:

FIG. 5 is a simplified diagram of a five-level eye
pattern useful in explaining the decoding operation of
the data transmission system of this invention:

F1G. 6 1s block diagram of a ternary block synchro-
nizer useful in the practice of this invention:

FIG. 7 is a logical block diagram of an illustrative
embodiment of a ternary-to-binary decoder useful in the
practice of this invention; and

FIG. 8 are waveforms generated throughout the data
transmission system of this invention in response to a
representative input binary data sequence.

DETAILED DESCRIPTION

According to the partial-response concept disclosed
in the cited Kretzmer patent, a channel having an avail-
able bandwidth W is excited at the theoretical maximum
signaling rate of 2W symbols per second. Where the
channel does not have ideal shaping, i.e., a flat ampli-
tude-frequency characteristic with absolute cutoff at
both upper and lower band edges, and a linear phase-
frequency characteristic, intersymbol interference nec-
essarily results. Accordingly, the channel response to
each impulse is dispersed over more than one signaling
interval of duration (1/(2W) second and a plurality of
received samples must ordinarily be correlated in order
to recover the original transmitted sequence. As part of
the partial-response concept, the channel statistics can
be predetermined and controlled in such a way that the
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channel dispersion can be compensated in advance of 65

transmission by precoding. In the type of partial-
response signal shaping that Kertzmer has designated
Class IV the channel is shaped such that its response to

4

each impulse includes two symmetrical nonzero com-
ponents of opposite polarity spread over three signaling
intervals with the center interval having a zero re-
sponse. This class of partial-response shaping has found
favor because its average direct-current component is
zero, and the signal spectrum has zero transmission at
both band edges without sharp, difficult-to-realize cut-
offs.

If the channel signal is designated S, at an arbitrary
sampling instant n and results from the application of an
impulse C, to such channel, then according to the Class
IV partial-response shaping,

Sp=Cp—C,—1. (1)

The C, components are typically multilevel at N
levels and the S, components then have (2N-1) levels.
The recetver for the signal S,, would normally correlate
samples taken at alternate signaling intervals. However,
C» may advantageously be precoded from another mul-
tilevel signal B, by addition of the C,_» component
thereto. Thus,

Cp=(Bp+Cy-2)mod N. (2)

Addition modulo-N (mod N) signifies casting out
multiples of N from the sum and recording only the
excess thereover. This is analogous to determining that
3 p.m. is 4 fours after 11 a.m. by substracting N=12
from the sum of 11 and 4.

If the C, components are derived from some basic
signal B,in accordance with equation (2), then

B,=S, mod N. (3)

Consequently, B, can be decoded at a receiver by a
memoryless detector from single samples of the re-
ceived signal S,,.

Kretzmer disclosed how equations (1), (2) and (3) can
be implemented for N=2, in which case S, would have
three levels. In my cited copending application there is
disclosed how these equations can be implemented for
N=2m, where m is an integer. As long as m is an integer
there is a one-to-one correspondence between the N
signal levels and integral numbers m of binary digits.
Unfortunately, for N=4 seven levels are required on
the channel and many practical channels do not possess
a low enough signal-to-noise ratio to permit reliable
decisions among so many levels. However, it has been
determined that five channel levels can be reliably dis-
tinguished in widely available telephone carrier chan-
nels. Five partial-response channel levels assume three
coding levels, hereinafter referred to as ternary. Ter-
nary coding further presupposes one and one-half bi-
nary signal bits per coding level, on the average.

This invention is addressed to the implementation of
equations (1), (2) and (3) broadly for the case where N
1s an integer not a power of two and, by way of specific
example, where N=3. Because of the absence of direct
correspondence between coding levels and binary in-
puts partitioning of a binary signaling sequence is re-
quired as is explainable in connection with FIG. 2.

Line (a) of FIG. 2 is diagrammatic of a binary serial
bit stream a,, of data moving from right to left (time is
increasing to the right). In each equal signaling interval
0 through m an impulse is generated on one of two logic
levels 1 or 0, which may advantageously be respective
positive and negative potentials. These intervals are
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partitioned into k groups of three with the groups desig-
nated by the integer k as shown, For k=1, binary inter-
vals 1, 2 and 3 occur; for k=2, intervals 4, 5 and 6; and
for k=k, intervals m=2=3k-2, m-1=3k-1 and m=23k
OCCUr. |

Line (b) OF FIG. 2 shows a group of equal signaling
intervals O through n, which are exactly one and one-
half times the duration of the intervals on line (a), e.8.,
interval 1 on line (b) is one and one-half times the dura-
tion of interval 1 on line (a). These intervals are parti-
tioned into k groups of two, in exact correspondence
with the k groups of three on line (a). For k=1 intervals
1 and 2 occur; for k=2, intervals 3 and 4; and for k=k,
intervals n-1=2k-1 and n=2k. In each interval a ter-
nary signal will be generated at one of three logic levels
0, | and 2, which may advantageously be respective
negative, zero and positive potential levels. By way of
specific example, the triplets of line (a) are mapped to
the doublets of line (b) according to Table A.

TABLE A

M

aw 2 Ay iaak  Bag (Bax ba—1' ba-1® bx! by
00 0 1 0 0 ! 0 0
00 ! ! 0 l 0 1
01 0 21 1 l 0 1
01 1 01 0 0 0 1
10 0 20 l l 0 0
|0 ] 00 0 0 0 0
1 0 22 I | 1 1
1 1 1 02 0 0 l 1
X X X 2 0 t l |

w

The first three columns represent the eight possible
permutations of binary triplets and the next two col-
umns are the translated ternary doublets. It is seen that
there are nine possible ternary pairs, and only eight
possible binary triplets. The 1-2 ternary pair in the last
row (indicated by X’s) does not correspond to any bi-
nary triplet and therefore is a violation of the selected
coding. This pair can only validly occur between ter-
nary groups, a circumstance which will be used to ad-
vantage at the receiver to preserve the correct pairwise
association of ternary doublets. The coding is entirely
arbitrary but is selected to optimize the error perfor-
mance of the transmission system.

Since components and circuits for handling binary
digits are more readily available than circuits for han-
dling ternary digits, the ternary digits are encoded bi-
nary fashion as shown in the last four columns. The
columns headed by-1! and bax-? are the binary equiva-
lents of the ternary digits B24-1, the superscripts 1 and O
indicating respectively the most and least significant
binary digits. Similarly, the columns headed byi! and
b0 are the binary equivalents of ternary digits in the
column headed Bas.

The following logic equations summarize the binary

coding of the ternary digits:
by 1 =mne(aik 1+aik ) (4)
bog (Mobag v asg koo {5)

bog ! =agp y-azg 2 (6)

P

ba'l=azgang 2 +azg . (7)

10

15

20

Oforb! = b =0
{ for b)! = 0: bf) = 1,
3forb,) = bf = |

B; =

Equations (4) through (7) are derived by induction
from table A. Equation (8) indicates how the ternary
digit is the sum of its binary-coded levels.

Precoding is facilitated by the use of binary-encoded
ternary digits as will be more fully discussed in connec-
tion with the description of FIG. 4.

FIG. 1 is a block diagram of a complete partial re-
sponse data transmission system using ternary coding
according to this invention. For purposes of specificity
it is assumed that the bandwidth of channel 22 is 36
kilohertz, that the channel is of the type used in tele-
phone carrier systems, that the channel signaling rate is
72 kilobauds per second and that the binary signaling
rate is 108 kilobits per second.

The data transmission system comprises a transmitter
including elements 10 through 20 and timing source 37,
transmission channel 22 and a receiver including ele-
ments 24 through 36.

The transmitter portion comprises serial binary data
source 10, serial-to-parallel converter 12, binary-to-ter-
nary converter 14, precoder 16, digital-to-analog con-
verter 18 and partial-response filter 20. Data source 10

30 generates serial binary data under the timing control of

33

435

50

55

65

timing source 37 by way of lead 38 at the exemplary rate
of 108 kilohertz. A representative serial data stream a,»
is shown on line (a) of waveform diagram FIG. 8. Line
(d) of FIG. 8 shows the serial clock timing (SCT)
stream from timing source 37. Serial data from source
10 is transformed in groups of three to parallel form in
converter 12 and the parallel outputs appear on leads 13
as labeled. Lines (a), (b) and (c) of FIG. 8 indicate the
respective outputs for the representative data stream.

Binary-to-ternary converter 14 operates on the paral-
lel outputs on leads 13 in accordance with equations (4)
through (7) to produce binary encoded ternary digits on
output leads 15. The binary encoded equivalents of the
representative data stream appear on lines (g) through
(j) of FIG. 8. Lines (e) and (f) of FIG. 8 show the re-
spective baud (symbol) clock timing (BCT) and BCT/2
waves generated conventionally in timing source 37.
Timing source 37 may advantageously include a 432
kilohertz crystal oscillator driving respective divide-by-
four and divide-by-six countdown chains to produce the
required SCT and BCT timing waves.

Precoder 16 operates on the binary-coded ternary
digits on leads 15 in accordance with equation (2) evalu-
ated for N=23. Precoded ternary digits C, represented
by pairs of precoded binary digits C,' and C,° on paral-
lel output leads 17 [lines (n) and (o) of FIG. 8] are con-
verted to serial analog form in converter 18 in conven-
tional fashion. Precoded binary-coded ternary digits C,;
thus presented on lead 19 are applied to partial-response
filter 20 where, due to the dispersion effect, five-level
line signals S, are created. Partial-response filter 20 is
designed to impart to transmission channel 22 a spectral
shaping in accordance with Kretzmer’s teachings which
is dome-shaped, as shown in his FIG. 23b. Signals €,
and S, for the exemplary data sequence are shown on
lines (p) and (q) of FIG. 8. Wave C,, 1s a summation of
¢,V and ¢, and thus has three levels designated O, 1 and
2. Wave S, results from taking the difference of the
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present C, level and the twice-delayed C,_; level in
accordance with equation (2).

Before turning to the receiver and the block framing
problem, specific implementations of blocks 12, 14, 16
and 18 of FIG. 1 are discussed.

FIG. 3 1s a detailed logic diagram of an illustrative
embodiment of serial-to-parallel converter 12 and bi-
nary-to-ternary converter 14. Serial-to-parallel con-
verter 12 comprises a three-stage shift register having at
its input the serial binary data sequence a,, on line 11, an
advance lead 38 supplied with SCT timing at the 108
kilohertz rate, and output leads 13 from the individual
shift register stages. At any given instant three consecu-
tive serial data bits will be stored in the respective shift
register stages SR-1, SR-2 and SR-3. The bit stored in
stage SR-1 i1s considered the present bit a,,, as repre-
sented on line (a) of FIG. 8. Stages SR-2 and SR-3 store
the remaining bits a,,,-| and a,,_; as shown on lines (b)
and (c) of FIG. 8. These lines are seen to be identical
except for the time difference, so that at times m=3,6, .
. .« » 3k three consecutive input digits are in parallel time
coincidence for application to binary-to-ternary con-
verter 14. The SCT wave is shown on line (d) of FIG.
8. |

At the input of converter 14 leads 13 connect through
AND-gates 40 to a logic matrix. A timing wave BCT/2
at 36 kilohertz, as shown on line (f) of FIG. 8, has a
positive transition every three bits of the a,, data wave.
Applied to AND-gates 40 by way of lead 39, this timing
wave admits samples of the signals on parallel leads 13
to the logic matrix in broken-line box 14. This matrix
implements equations (4) through (7) and TABLE A.
Thus, the outputs of AND-gates 40A, 40B and 40C are
respectively designated aix_3, a3z_1 and aig.

Specifically, direct data samples and data samples
inverted by inverters 41 are applied as shown to further
AND-gates 43 through 46 and OR-gates 42, 48 and 49.
In addition the outputs of AND-gates 46 and OR-gate
48 are combined in AND-gate 47. The ultimate outputs
on lead pairs 15A and 15B are two binary-coded ternary
digits Byx-1 and Bax. These digits are shown in their
binary coded forms on lines (g) through (j) of FIG. 8.
The operation of the logic matrix is straightforward and
Is readily followed by one skilled in the art. For exam-
ple, the more significant binary component byi! of ter-
nary digit B;; results from the logical summation of
binary data digits a3;_2 and a3;-; in AND-gate 43, in
accordance with equation (6). Similarly, the associated
binary component by;Y of ternary digit B2 appears at
the output of OR-gate 49 as either the data digit a3z (if
it is a 1) or the logical summation of the inverted aj;_»
data digit and the direct ay; data digit, in accordance
with equation (7). The B34 digits are derived in accor-
dance with equations (4) and (5) in the same way.

FIG. 4 1s a logic diagram of an illustrative embodi-
ment of precoder 16 and digital-to-analog converter 18
of FIG. 1.

The following TABLE B can be constructed in im-
plementation of equation (2) and the convention
adopted respecting the binary encoding of ternary dig-
its: namely, ternary O is represented by the binary digit
pair 00; ternary 1, by binary Ol or 10; and ternary 2, by
binary 11. Allowing ternary 1 in the precoded digits C,

to be represented by both the binary pairs 01 and 10
simplifies the logic.
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[TABLE B
Ternary Digits Binary Digits
B, Cp2 Cpy B " b“n ¢! -2 C”u-E ¢! f C“n
D e A N N
0 0 0 0 0 0 0 0 0
O ] ! 0 0 G i | 0
0 | | 0 O ] 0 0 l
¥ 2 2 0 0 } l l |
l 0 l 0 1 D - 0 ]
] ! 2 0 l 0 I ] ]
] | 2 0 ] i 0 l ]
1 2 0 0 ] | 1 0 O
2 O 2 ! ] 0 0 I l
2 l 0 I 1 0 i 0 O
2 ] ) l ! ] D 0 0
2 2 i | I ] | l 0}
et~ ———S—————iemeeeeeee e
TABLE B
e ——— e e p——p—————_————meeeeeeeereeee
TERNARY DIGITS BINARY DIGITS _
——= T
B, Cn_2 Ca by by cn_3 Cn-2 ¢ l'il Cn
0 0 4, g 0 0 0 0 0
0 ] I 0 0 0 ! ! 4,
0 ! ] 0 0 ! 0 0 !
0 2 2 O ! ] I !
{ G { 0 1 , 0 0 '}
! ! 2 0 |/ 0 ! ! !
1 ! 2 0 1 ! , ! !
{ 2 0 0 1/ ! ! 0 0
2 0 2 I 1 0 0 ! !
2 ! 0 S | /; I ] 0
2 i 0 I l ! Q 0 0
2 2 ! ! 1 ! ! ! 0

The first three columns headed by B,, C,_> and C,
represent ternary digits. Subscript n represents the pres-
ent digit and subscript n-2, the precoded digit which
occurred two signaling intervals previously. The col-
umns headed by b,! and b,0 are the respective most and
least significant binary digits encoding the ternary digit
B,. Similarly, the columns headed c,->! and c,_3%are the
binary digits encoding ternary digit C,_3; and the col-
umns headed c,! and ¢, are the binary digits encoding
ternary digit C,. It will be noted that rows 2 and 3, 6
and 7, and 10 and 11 are duplicates except for the alter-
nate binary encoding of the ternary digit 1.

By standard techniques logic equations ¢an be writ-
ten row by row for the binary entries in TABLE B
wherever a | occurs in the ¢, ! or ¢,%column. Row 2 can
be represented as

Chn = b, | ~b,,(]-c,,_1l 'Urr—lor

which is interpreted to mean that c,! =1 can result from
the logical ANDing of the complements of b,!, b, and
Cn-2! with the uncomplemented c,-30. The remaining
rows can be similarly represented. Thus, for all rows in
which c,! =1, the following logic equation can be writ-
ten:

- T . " ii
¢yl =b,] bn“‘-uml le,- M 4+ b,a;lbﬂ Cp-2 Iﬂu—lu

+b, | hn“‘-'uml | Un---f!”

+ b, | bn“‘-fu— Ry | Uﬂ--l” + b, | hrluun-ll‘:u—ln

-+ b,,lb”“{:,,_z ICM—EU {9)

Equation (9) simplifies by standard techniques to

CHE = h,;ih,,”u”_ 2“ +b, | hn”(ﬂu---l 1 Sra 3“} +
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ba'bnXca-2' @en-2" (10)
The encircled plus sign indicates the exclusive-OR
function by which a | output is produced for 01 and 10
inputs and a 0 output otherwise.
A similar logic equation can be written to obtain

Cnﬂ =by : bno’cn—z l Cm?.(] + b,y ] anCnfl lﬂu-zﬁ

+bn]bnocn-?.lcn—'i!n

+bp lbnocn—Z lﬂﬂ—lﬂ + bn]bnuﬂ'ml ICH—E
+bn'hlen2'cn2" (1)

Equation (10) can also be simplfied to

Cno == bnlbn'}c"_l] + hn]bﬂ[)c"-z +

bacn-20(bs! Bca2'). (12)

Equation (10) and (12) are implemented in straight-
forward fashion as shown in FIG. 4, in which the four-
rail binary inputs are converted to a two-rail condition.
Equations (4) through (7) above are obtained by the
same type of inductive analysis.

The paired binary-coded ternary digits B2«-1 and B
appearing on lead pairs 15A and 15B [lines (g) through
(j) of FIG. 8] from the ternary converter of FIG. 3 are
applied to AND-gates 51A through 51D, which are
alternately enabled in pairs by the BCT/2 timing wave
on lead 39 {line (f) of FIG. 8]. AND-gates 51A and 51B
are enabled on the down stroke of the timing wave by
way of inverter 53G and gates 51C and 51D, on the up
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stroke. The outputs of AND-gates 51A and 31C, con-

taining alternately the bz_;! and byi! digits are com-
bined in OR-gate 52A to form the b,! digits at the sys-
tem signaling rate. Similarly, the outputs of AND-gates
$1B and 51D, containing the b2,_1° and byi! digits, are
combined in OR-gate 52B to form the b,? digits at the
system signaling rate. Thus, the outputs of OR-gates

35

52A and 52B contain the binary-coded ternary digits in 40

two-rail serial fashion, as shown on lines (k) and (1) of
FIG. 8.

Precoder 16 combines the b,! and b, digits in logic
fashion according to equations (10) and (12) with its
own precoder outputs delayed by two system signaling
intervals T to form present precoded digits c,! and c,Y,
as shown on lines (n) and (o) of FIG. 8. Precoder 16
illustratively comprises a plurality of AND-gates 57 and
59, OR-gates 61, inverters 53 and 58, delay units 55 and
86, and exclusive-OR gates 54 as shown in FIG. 4. The
effective inputs to precoder 16 are digits b,!, b0, c,-2]
and c,-20. Its outputs are c,! and c,0 at OR-gates 61A
and 61B. AND-gate 57A combines inverted digit b,!
with inverted digit b,0. The inverted digits are obtained
from inverters S3A and 53B. AND-gate 57B combines
digits b,! and b,° as shown. AND-gates §7C and 57D
similarly combine b,!, b,? and b0, c,-20. The b,lb,°
output of gate S57A is combined with the c,_20 digit in
AND-gate 59A. Exclusive-OR gates 54A and 54B form
the combinations b,!@cy-2! and c,2'Pcn-20, respec-
tively. AND-gates 59B through S9F operate on their
iﬂp_uﬁts to form the groups Enibnﬁcn_zﬂz by b, HCr-28D-
Cn-2"), ErTan, bnncn—ZDIEMIQCn-ZI)s bnlbnocn-Zl and
B,10,0C,-21, respectively, in a conventional manner. OR
gate 61A combines the respective outputs of AND-
gates 39A, 59B and 59C to form binary-precoded digit
c,!. OR-gate 61B similarly combines the respective
outputs of AND-gates 59D, S9E and 59F to form binary
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precoded digit c,0. The c,! and ¢, outputs are con-
nected by way of leads 62 and 63 to delay units 53 and
56 as shown to furnish the inputs ¢,-2! and c,_79 to the
precoder itself.

Binary coded digits c,! and ¢, from precoder 16 are
further combined in linear adder 60 to form the ternary
output digit C,on lead 19. Refer to line (p) of FIG. 8 for
a representative C, wave.

The three-level C, wave in the output of adder 60, by
operation of partial-response filter 20 and channel 22
thereon in accordance with equation (1), becomes the
five-level wave S, on line 21 of FIG. 1. Passage through
channel 22 also adds noise and distortion to its output on
lead 23. A representative S, wave is shown on line (q) of
FIG. 8. This wave is capable of interpretation modulo-
three as shown on line (r) of FIG. 8. Waves S, and S,
(mod 3) are equivalents. Positive levels 0, 1 and 2 are
identical in both waves. However, levels (— 1) and (—2)
in the S, wave become by modulo-three excess levels
(2) and (1), respectively, in the S, (mod 3) wave.

The receiver for the ternary transmission system of
this invention operates on the received S, wave to re-
store the binary encoding, to partition the paired blocks
properly and to decode the binary message wave. As
shown in FIG. 1 the receiver comprises analog-to-digi-
tal converter 24, ternary converter 26, block-sync moni-
tor 28, framing control 36, multilevel-to-binary con-
verter 29, timing recovery circuit 34 and binary data
sink 30.

The received signal S, may be visualized from the
section of an idealized eye pattern shown in FIG. 5. The
eye pattern shown would be formed on an oscilloscope
synchronized with the transmission rate of 72 kilobauds
per second when a random message wave has succes-
sive periods superimposed. Diamonds 71 and 72 repre-
sent eye openings in which the vertical dimensions
indicate amplitude decision margins and horizontal di-
mensions indicate sampling time margins. For the 1deal-
ized wave shown sampling times should occur at the
centers of the diamonds. For an individual sample the
amplitude level would occur on only one of the inte-
grally numbered levels. Slicing decision levels are those
frictionally designated.

Analog-to-digital converter 24, under the control of a
sampling wave at 72 kilohertz on lead 33 from timing
recovery circuit 34, is effectively a multilevel slicer.
The S, input wave on line 23 is applied in parallel to
converter 24 and, by way of lead 32, to timing recovery
circuit 34. Converter 24 first slices the incoming signal
about the 0 level designated LY in FIG. 5§ to determine
the polarity of the sample. The wave is then folded by
full-wave rectification for example, about the 0 level so
that levels —2 and — 1 are superimposed on levels +2
and + 1 and sliced again at both the L! and L3 levels.
For each slice about the respective levels L9, L1 and L}
positive or negative outputs are obtained depending on
whether the signal sample falls above or below the
respective slicing levels. It is apparent that if all three
slicers yield logical one outputs level +2 was received,
and if all three slicers yield logical zero outputs level 0

was received. A continuation of this analysis yields the
following TABLE C.

[TABLE C
Slicers Received Binary Code
L, L, L, Level by b,"
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-contimued
0 0 0 0 0
0 ! 0 —1 1 1
0 1 ] —2 0 1
] 0 0 0 0 0
1 i 0 +1 0 1
1 i | +2 | 1]
TABLE C
SLICERS RECEIVED BINARY CODE
L L)' L, LEVEL by! b,
0 0 0 0 0 0
0 ) 0 1 ! !
0 ! ] -2 0 !
7 0 0 0 0 0
! ! 0 +1 0 !
] ! 1 +2 ! !

Logical analysis of TABLE C yields the following
equations:

ni-_—Lnl‘(l—m) “3)

by’=L,! (14)

Equations (13) and (14) are implemented in binary-
coded ternary converter 26.

The binary digits on leads 27 are monitored in block-
sync monitor 28 and are also decoded in multilevel-to-
binary converter 29 to yield the original binary data
train a,, at the transmission rate of 108 kilobits per sec-
ond for delivery to data sink 30. Block-sync monitor 28
detects the presence of the ternary pair 12 and sends an
appropriate signal to framing control 36. Framing con-
trol 36 supplies both timing wave SCR and framing
wave BCR/2 to binary converter 29 in the correct
phase to decode the ternary digit pairs. It compares the
occurrence of the violation pair 12 with the phase of the
BCR/2 (36 kilohertz) wave. Each time this pair occurs
at the wrong phase, i.e.,, within a partitioned pair, a
counter is advanced. When the counter overflows, the
phases of both the BCR/2 and SCR waves are shifted
and the ternary pair is repartitioned. The counter avoids
changing the timing on every occurrence of the viola-
tion pair, since a single occurrence may be due merely
to channel noise.

FIG. 6 1s a more detailed block diagram of an illustra-
tive embodiment of blocks 26, 28 and 36 on FIG. 1. The
received wave 5, on lead 23 is sliced in analog-to-digital
converter 24 to yield the outputs L%, L,! and L,3 on
leads 2§ as previously explained. The BCR wave at 72
kilohertz 1s recovered in timing recovery circuit 34
from the input wave on lead 32 in a conventional man-
ner by counting down from a master oscillator at 432
kilohertz, for example. This oscillator is also counted
down to generate the SCR wave at 108 kilohertz. The
manner in which the phase of the master oscillator is
controlled may, however, be accomplished more pre-
cisely as described in the copending application of J. G.
Kneuer, Ser. No. 808,130 filed Mar. 18, 1969.

Binary-coded ternary converter 26 in FIG. 6 com-
prises exclusive-OR gate 75, inverter 76, and AND
gates 77, 78 and 79, which together implement equa-
tions (13) and (14) in an obvious manner.

Consecutive binary-coded ternary digits appear on
leads 27 and are applied to binary shift register pairs 80
and 81 as shown. These pairs, each containing separate

storage cells for most and least significant binary parts
of the encoded ternary digits, make available the pres-
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ent and immediately preceding digits simultaneously.
These digits are provided on output leads 90, timed by
the BCR wave on lead 95.

Proper data recovery requires a proper pairwise asso-
ciation of received ternary digits. The violation pair 12
is encoded in binary form as [b,_0] #,-10=b,! =b,0=
and b,_11=0. Therefore, the occurrence of this pair can
be represented logically by Block Sync Information
signal

BSI=b,"b,11-b,°. (15)

Equation (15) is implemented in a straight-forward
manner in broken line block 28, which comprises in-
verter 82 and AND-gate 83. Gate 83 combines digits
b,-1and b,! with inverted digit b,_! as shown. Line (s)
of FIG. 8 shows the occurrence of the BSI signal for the
representative example.

The BSI output on lead 84 is applied to framing con-
trol 36, which illustratively comprises as shown in FIG.
6 up-down counter 88, divider 85, delay unit 89 and
phase control 91. In addition to the BSI signal on lead
84 block 36 is also supplied with the BCR and SCR
timing waves on leads 33 and 38.

In operation up-down counter 88 is arranged to count
on every occurrence of the BSI signal at input T. The
direction of the count is determined by the BCR/2
wave obtained from divide-by-two circuit 85. If the BSI
mput occurs in the positive half-cycle of the BCR/2
wave, the count is down. If it occurs in the negative
half-cycle, the count is up. Counter 88 overflows after a
chosen number of up-counts without intervening down-
counts. The overflow count is selected on consideration
of the noise statistics of the channel and, by way of
example, may be eight. At the time the overflow count
occurs, an output appears on lead 92 which adds a count
to divider 85, thus shifting the phase of BCR/2 by 180°,
The phase of the SCR wave is changed to correspond to
the new phase of the BCR/2 wave by phase control 91.
Finally, the counter is reset to a reference state by way
of delay unit 89. The phased SCR and BCR/2 waves
are made available on leads 37 and 93.

In FIG. 8 on line (s) the left-hand BSI pulse is as-
sumed to cause the overflow occurrence in time with
the negative half-cycle of the BCR/2 wave on line (t).
The BCR/2 wave is seen to shift by half a cycle. At the
same time the SCR wave is shifted correspondingly.
The remaining BSI pulses are coincident with the posi-
tive half-cycles of the BCR/2 wave and cause no phase
shift therein. The recovered data to the left of the first
BSI pulse is seen to be spurious, but that to the right is
valid.

One function remains to be performed in the receiver
and that is the conversion of the binary-encoded ternary
digits properly partitioned to the serial binary state.
This can be accomplished as shown in the illustrative
embodiment of FIG. 7. Ternary-to-binary converter 29,
as expanded i FIG. 7, illustratively comprises input
AND-gates 986, logic circuitry including further AND-
gates 99, 103, 104 and 106; OR-gates 98, 102 and 105,
and inverters 97, 100 and 101; and shift register 109. The
inputs include two simultaneously available binary-
coded ternary digits on lead 90 from FIG. 6, the phased
SCR wave on lead 37 and the phase-shifted BSR/2
wave on lead 93.

By analysis of TABLE A the following logic equa-
tions can be written for the binary digits az, a3z_1 and
a3k-2:
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_il,fc:bn—lo'(buo*“bn—l y (16)

azk-i =bn0'(bn—lu+bn-ll) (17}

a3k-2=bn-(bs" +bn-1"bs1 1) (18)

In equations (16), (17) and (18) n replaces the 2k terms
used in TABLE A for simplicity.

The binary inputs on leads 90 are admitted to the
logic circuitry on the up strokes of the BCR/2 timing
wave on line 93 at the rate of 36 kilohertz. The logic
circuitry operates on these inputs to implement equa-
tions (16), (17) and (18) in a straightforward manner.
The parenthetical term in equation (16) results from
combining the b,0 digit inverted in inverter 97 with the
direct b,_1! digit in OR-gate 98 and this resultant 1s
further combined in AND-gate 103 with the b,_° digit
as shown to form the desired aix output digit. Similarly,
the parenthetical term in equation (17) is formed in
OR-gate 102 by combining the b,_1? digit inverted in
inverter 101 with the direct b,_;! digit as shown. This
resultant is in turn combined in AND-gate 106 with the
b0 digit to form the desired a3x-| digit. In a similar
manner the inverted aix_» digit defined by equation (18)
is formed by the indicated logical operations in inverter
100, AND-gate 104, OR-gate 105 and AND-gate 99 on
the respective b,_1!, b,-1%, b,% and b,! input digits. In
addition, the direct ajx and aix-2 digits are derived by
inverting the outputs of AND-gates 103 and 99 in in-
verters 108 and 107 as shown.

The three parallel binary digits a3z, a3x-1 and azx-|
thus derived from the two parallel binary-coded ternary
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digits are applied simutaneously to the respective stages -

SR-4, SR-5 and SR-6 of conventional shift register 109
at the BCR/2 timing rate. These same digits are ad-
vanced from top to bottom of shift register 109 under
the advance control of the SCR timing wave from lead
37 onto output lead 31 to reconstitute the original serial
data train a,;. As shown in FIG. 1, this data train is
delivered finally to data sink 30. Line (v) of FIG. 8
shows the reconstituted representative serial data train.

Although this invention has been disclosed in terms
of a specific embodiment using a particular number of
encoding levels and positive logic, it will be readily
apparent to those skilled in the art that the principle of
the invention is of much wider application.

What is claimed 1s:

1. Apparatus for communicating a binary data signal
over a transmission channel of bandwidth W at an effec-
tive binary bit rate that is a nonintegral multiple of the
channel symbol rate, comprising

means for mapping each possible first block of binary

digits taken m at a time into second blocks of n
preassigned N-level digits such that 27 is less than
N” and there exists at least one unassigned N-level
block,

means for precoding N-level digits from said map-

ping means in accordance with the inverse of the
impulse response of said channel such that pre-
coded N-level digits can be decoded from single
samples of the received signal,

means for exciting said channel with precoded digits

from said precoding means at a signaling rate of
2W symbols per second such that channel signals
occupy (2ZN-1) levels,

means for reconstructing said N-level digits from said

channel signals,
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means for monitoring N-level digits from said recon-
structing means for the presence of said unassigned
N-level block therein and producing a framing
control signal,

means responsive to said framing control signal for

partitioning reconstructed N-level digits into n-
length blocks such that said unassigned block does
not occur within partitioned blocks to be decoded,
and

means under the control of said partitioning means

for translating partitioned blocks of N-level digits
into a serial train of binary digits.

2. The apparatus of claim 1 in which m and N equal
3 and n equals 2 and there is only one unassigned three-
level signal block.

3. Apparatus for communicating a binary data signal
train to achieve an effective signaling rate of three biats
per second per Hertz of bandwidth comprising

means for mapping first blocks of serial binary data

taken three digits at a time into preassigned second
blocks of three-level digits taken two digits at a
time, there being one unassigned three-level digit
pair which can occur only between properly
mapped second blocks,

means for exciting a communication channel of lim-

ited bandwidth with said second blocks of digits at
a symbol rate equal to twice the bandwidth of said
channel,

means at a receiver connected to said channel for

recovering said three-level digits,

means for monitoring pairs of three-level digits from

said recovering means for the presence of said
unassigned digit pair and generating a framing
signal therefrom,

means responsive to said framing signal for partition-

ing recovered three-level digits into pairs such that
said unassigned pair occurs only as the last and first
digit respectively of consecutive partitioned
blocks, and

means for decoding three-level digit pairs from said

partitioning means into a serial binary data train.

4. Apparatus as defined in claim 3 in which said three-
level digits are precoded before exciting said channel in
accordance with the inverse of the impulse response of

said channel.
5. Apparatus as defined in claim 3 in which said three-

level digits are coded in two-rail binary form.

6. Apparatus as defined in claim 3 in which said parti-
tioning means COMprises

a timing-wave source having a square-wave output at
half the channel symbol rate,

means jointly responsive to said timing-wave source
and said framing signal for generating a first con-
trol output when said framing signal occurs during
the first half-cycle of said timing wave and a sec-
ond control output when said framing signal oc-
curs during said second half-cycle thereof,

a reversible counter controlled by first and second
control outputs of said generating means, an excess
of said second over said first control outputs yield-
ing an overflow signal, and

means responsive to said overflow signal for revers-
ing the phase of said timing-wave output.

7. The method of communicating a binary data signal
train in a precoded multilevel format to achieve an
effective signaling rate of three bits per cycle of band-
width of a communications channel comprising the
steps of
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performing a serial to parallel conversion of serial means characterized by emitting a signal having a
binary data bits taken three at a time into first data bit-to-baud ratio of a mixed number and by
blocks, emitting said discrete signal levels in a continuous

mapping said first blocks of binary data into second sequence that represents a plurality of adjacent ones of
blocks of paired ternary digits, there bemng one 5 said multi-bit data words;
nonallowed ‘ternary pair which can only occur means for modulating said carrier signal with said signal
between valid second blocks, from said generating means; and

applying the ternary digits of said second blocks to means at a receiver for deriving a clock signal from said
said communications channel to form precoded signal that modulated the carrier, which clock signal
multilevel signals at two-thirds the binary signaling 10 is synchronized in time with the baud rate of said
rate, generating means at said transmitter.

recovering at a receiver said ternary digits by a
modulo-three reduction of said multilevel signals,

monitoring pairs of recovered ternary digits for the
occurrence of said nonallowed ternary pair, 15

partitioning responsive to the occurrence of said non-
allowed ternary pair said recovered ternary digits
into valid second blocks, and

decoding properly partitioned second blocks of ter-
nary digits into first blocks of binary digits.

8. A data transmission system having a carrier signal to

be transmitted over a communication link, said system ' : _ _ | |
comprising: means modulating said carrier with a discrete signal

means at a transmitter for grouping, into a multi-bit fé”’f’l during a ﬁ?':“ moc{ulatfon Pf"f?d '5‘f| a P‘ff" _Of
word, input binary data having a data rate defined by 25 adjacent modulation periods for partially identifying

9. A system in accordance with claim 8 wherein each
multi-bit word comprises three binary bits and said mixed
number bit-to-baud ratio is 1.J.

10. A system in accordance with claim 9 wherein the bits
of binary values are identified by occupying one of two
possible signal levels during sequentially-appearing input
bit periods, and said generating means comprises an en-
g coder employing a trinary format which comprises three

signal levels and a modulation period equal to 13 bit peri-
ods, said system comprising.

a given number of input bit periods per second with the bits for a multi-bit word to be represented in that
one data bit represented in each input bit period, modulation period; and

means responsive to said grouping means for generating means modulating a given signal level during the second
a discrete signal level during at least a pair of modula- modulation period of said pair for completing the
tion periods per multi-bit word for representing the 30 identity of the bits of said multi-bit word.

identity of the multi-bit word, said signal generating * X » x
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