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This invention relates to pulse code modulation (PCM) 
systems and, more specifically, to PCM systems that em 
ploy permutation codes having bases of three or higher. 
The invention will be described with reference to an illus 
trative encoder that converts analog quantities to a 
ternary code, 

In existing PCM systems employing a binary code, re 
active couplings (transformers or capacitors, for ex 
ample) cause pulse trains, consisting of pulses lying only 
on one side of the zero reference level, to drift over to the 
other side of that level. This phenomenon is commonly 
called "zero drift.” To avoid it, trains of special pulses, 
e.g., dipulses or bipulses, are employed as code elements. 
And to retain the advantages of binary PCM, these trains 
consist only of positive, zero, or negative values. Further 
breakdown of the positive and negative values, each into 
many levels (e.g., --1, --2, . . . --k; -1, -2, . . . 
-k, etc.), would elicit the disadvantages of pulse ampli 
tude modulation. Now, if these three-leveled pulse trains 
are to be used in a binary system, often the only ad 
vantage to be gained is avoidance of the "Zero drift' 
phenomenon. Since the system is capable of such multi 
level transmission, it would be more efficiently employed 
if these levels were used for a permutation code of base 
greater than two. Better resolution of the original analog 
signal could be achieved, while retaining the same num 
ber of digits per code group if, for example, a ternary 
code were employed. As a corollary, moreover, a ternary 
code could achieve the same resolution as can a binary 
code, while reducing the number of digits required to so 
resolve the analog signal. Such a reduction would pro 
duce a concomitant reduction in the system bandwidth 
necessary to accommodate the encoded wave. 

Encoders of base greater than two are known in the 
art. 
of patent No. 2,602,158, which issued to R. L. Carbrey 
on July 1, 1952; and the network-type encoder of base 
nine disclosed in Patent No. 2,902,542, which issued to 
C. G. Treadwell on September 1, 1959. To date, how 
ever, such encoders apparently have been overlooked as 
a practical means of analog-to-digital conversion, perhaps 
mainly because they have not posed a serious economic 
threat to their binary counterparts. 

It is, therefore, a principal object of this invention to 
place "hyperbinary" encoders (i.e., encoders producing 
codes having bases greater than two) on a competitive 
basis with the binary variety now firmly entrenched in the 
PCM art. More specifically, the object is to decrease the 
bandwidth requirements of present PCM systems while 
preserving transmission capacity, or to increase their 
transmission capacity while retaining the same bandwidth, 
and to accomplish either of these ends with minimal cir 
cuit complexity. 

In accordance with the invention, a hyperbinary en 
coder of the feedback type (sometimes referred to alter 
natively as the "weighing' type-see, e.g., British Patent 
No. 820,923 of issue date September 30, 1959 which 
classifies encoders into three classes, viz.: counting, 
weighing, and raster) is arranged so that a minimum 
number of message-reference comparisons is needed to 
determine the value of any digit coefficient (see the text 
accompanying Equation 3 below). Although a code of 
base greater than two is produced, the need for a multi 

See, for example, the beam-type ternary encoder 

10 

15 

20 

25 

30 

40 

45 

50 

55 

60 

65 

70 

2 
level decision circuit is obviated. A common monostable . 
regenerative circuit is employed to determine the sig 
nificance of the residue product of each message-reference 
comparison. Memory cells store the results of these de 
terminations. Read-out circuits extract this cell informa 
tion and transform it into a wave consisting simply of 
positive or negative pulses having the same absolute mag 
nitude. A timing generator and logic circuitry are pro 
vided to ensure a logical and scheduled analog to digital 
conversion. 
The invention will be better understood if the descrip 

tion which follows is read in conjunction with the draw 
ing in which: 
FIG. 1 is a block schematic diagram of a ternary 

encoder arranged in accordance with the invention; and 
FIG. 2 is a plot of electrical waveforms which are 

manifest at various indicated points in the circuit of 
FIG. 1. 
The encoder of FIG. 1, as mentioned above, falls within 

the class of encoders commonly characterized as feedback 
encoders. A feedback encoder is one in which message 
and reference currents are successively compared, the 
results of each message-reference comparison being fed 
back by way of logic circuitry to control the generation 
of succeeding reference currents. The unique feature of 
the encoder of FIG. 1 is that it retains substantially all 
of the simplicity of binary feedback encoders (compare, 
for example, the piecewise-linear binary encoder of C. P. 
Villars, co-pending application Serial No. 813,776, filed 
May 18, 1959), yet it permits the generation of a ternary 
code with all of the advantages previously mentioned. 
PCM systems adapted to transmit binary code in the form 
of positive and negative pulses may, in accordance with 
the invention, be more efficiently employed. In FIG. 1 
these pulses, instead of representing a binary code, repre 
sent a ternary code, and are therefore capable of convey 
ing much more information. Better definition of analog 
samples is thereby afforded. At the same time, no band 
width disadvantage need be thrown onto the ternary side 
of a “binary versus ternary scale,' since the bandwidth 
of a system is directly proportional to the number of 
code elements or digits required to be transmitted, and 
this number is unaffected even though sample resolution 
is enhanced. Moreover, the noise advantage of a ternary 
system, arranged in accordance with the invention, re 
mains the same as in binary systems (compare, in this 
respect, the Treadwell patent cited above). All of this 
is accomplished simply and economically, as a description 
of the illustrative embodiment of FIG. 1 will show. 

In general, for a permutation code of base b, a code 
value x may be expressed by the equation 

O=? 

where a is the multiplication coefficient and equals 0, 1, 
2, . . . (b-1); b is the base; i=0, 1, 2, . . . (N-1) 
and indicates the order of significance of each digit and 
its associated coefficient; and N equals the number of 
digits employed per code group. Thus for a ternary code, 

x=ao.30- a 3--a23?-- . . . a 13N . (2) 
where each of the a coefficients may equal 0, 1, or 2. 
The absence of a pulse at the output 92 (FIG. 1) of the 
illustrative encoder to be described, means that the a 
coefficient is equal to zero for the particular digit at hand. 
If a positive pulse is there present, the digit's coefficient 
is known to be two. A negative pulse calls for a co 
efficient of one. 

In the discussion which follows, the character and func 
tion of the various elements of FIG. will first be de 
scribed; next, theoretical considerations will be dealt 
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with; and, finally, a typical message sample will be taken 
through the various processes it must undergo in its con 
version from analog to digital form. It should be noted 
that the circuit of FIG. 1 has been depicted in a very 
simple way. Obfuscating details have been avoided. As 
a consequence, the nature of the invention will be grasped 
with little, if any, difficulty. 

Message samples are fed into the input 10, through 
the input resistor 27, to the summing node 20. Reference 
currents originating at the potential source E, pass through 
the various reference resistors 25-26 whenever their 
respective switches 11-16 connect them to the source E. 
The reference currents have been expressed in "reference 
units' and illustrative numerical values have been given 
them. These units of reference current may be, for ex 
ample, milliamperes or microamperes, etc., the choice de 
pending upon the magnitude of the message sample. 
The six reference resistors 21-26 consist of three as 

sociated pairs 21 and 22, 23 and 24, and 25 and 26. The 
ohmic values of all of the resistors are related to one 
another as are the powers of 3. But in each of the pairs, 
the ohmic value of one of the resistors is twice that of 
the other. Thus, for example, the resistor 21 has an 
ohmic value twice that of the resistor 22, as indicated by 
the fact that twice as much current passes through re 
sistor 22 as does through resistor 21. Reference current 
meets the message current at the summing node 20, 
whereupon their sum is fed into the summing amplifier 
28. The amplified product of this sum is then fed into 
the monostable regenerative circuit 30. 
The circuit 30 may be a Schmitt circuit of a type de 

scribed in almost any authoritative electronics textbook. 
See, for example, Reference Data for Radio Engineers, 
page 468 (4th edition, 1956). In the circuit of FIG. 1, 
it will be assumed that the message sample is positive 
and that the reference source E provides a negative ref 
erence potential. It will further be assumed that there 
is no phase reversal in the summing amplifier 28. 
Whether or not a pulse will be generated at the output of 
circuit 30 depends upon the polarity of the current fed 
into its input. When the polarity of this signal is posi 
tive (i.e., when the absolute magnitude of the message 
sample is greater than that of the reference current fed 
into Summing node 20) no pulse will be generated at the 
output circuit 30. Conversely, when the polarity of the 
current Supplied to the input of circuit 30 is negative, a 
pulse will be generated at its output. The duration of the 
pulse will be coextensive with the period of time during 
which the input of circuit 30 is at a negative potential, 
i.e., during which the magnitude of the reference current 
is greater than that of the message sample. 
Connected to the output of circuit 30 is a delay circuit 

32 which provides a delay interval sufficient to insure that 
the logic and other operations performed in each of the 
branches of the encoder during their respective time slots 
will be fully performed without the interference of any 
pulse that may then be manifest at the output of circuit 
30. The necessity for the delay provided by delay circuit 
32 will become more apparent as the discussion pro 
gresses. - 

Timing signals, which are necessary for the operation 
of any encoder, are provided by the timing source 34. 
At each of the times D1 through D8, a timing pulse will 
be supplied to various elements of the circuit by a respec 
tive output of timing source 34. Timing source 34 is 
shown as having eight outputs, since, in the illustrative 
encoder of FIG. 1, eight time slots are employed. The 
first seven, determined by the timing pulses Di to D7, 
are employed for code purposes. The eighth time slot, 
determined by the timing pulse D8, is employed to reset 
the various memory cells of the encoder. 
The memory cells. 1 through 6 are bistable circuits 

which may be of the conventional Eccles-Jordan type. 
Each cell has a set inputs and a reset input r. When a 
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4. 
pulse is manifest at the s input of any of these memory 
cells, the cell is "set" in one of its states of equilibrium 
such that its x output is in the binary "1" state, i.e., a 
pulse is there manifest. For present purposes, it will be 
assumed that this pulse is positive. When, on the other 
hand, a pulse is manifest at the r input of a memory 
cell, the cell will be switched to its other state of equi 
librium, in which case the c output will be in the binary 
“0” state, i.e., will be at a zero potential. - 
Various logic elements couple each of the memory 

cells 1 to 6 to the feedback conductor 36 and specific 
ones of the timing outputs of timing source 34. These 
logic elements are depicted in conventional fashion. Take, 
for example, the logic elements servicing memory cell 2. 
The element 38 is an inhibit gate. So long as a pulse 
is manifest on the feedback conductor 36, no pulse can 
be produced at the output of the inhibit gate 38. The 
element 40 is an AND gate. A pulse will be produced 
at its output only when there is a concurrence of impulses 
at both of its inputs. The element 42 is an OR gate and 
a pulse will be produced at its output whenever an im 
pulse is supplied to either of its inputs. Thus, according 
to the convention used, the elements 44, 46, 48 and 5 
are AND gates, the elements 52, 54, 56, 58, 60, 62 and 
64 are OR gates, and the elements 66 and 68 are inhibit gates. 
Each of the message-reference comparisons at the sun 

ming node 20 will ultimately determine the states of 
equilibrium of the memory cells 1 to 6. The information 
stored in these cells is read out at appropriate times by 
read-out circuits connected to the read-out conductors 
70 and 72. Read-out-operations are performed at times 
D3, D5 and D7. 
At time D3, for example, the timing source 34 supplies 

a pulse to the read-out delay circuit 74. The delay in 
terval provided by the delay circuit 74 is less than the 
duration of one time slot and is determined as practical 

After this interval has expired, the 
timing pulse D3 emerges from each of the outputs 76 
and 78 of delay circuit 74 as a delayed timing pulse D3*. 
If the output terminal x of memory cell is then in the 
binary '1' state, the AND gate 80 will be enabled and 
a pulse will be supplied to the read-out conductor 72. 
This pulse (which we will assume is positive) will emerge 
from the inverting amplifier 82 as a negative pulse and 
appear at the output summing resistor 83 as a "symbol 
one output" of the encoder. "Symbol one" is here used 
to signify one of the values that the coefficient a of the 
ternary code may assume. 
The "symbol one output" is thus a negative pulse and 

indicates that a particular digit is to be multiplied by a 
coefficient of one. If, for example, the x output of mern 
ory cell is in the binary “1” state at time - D3*, the 
ternary code output of the encoder at that time will 
be a negative pulse representing a code value of 1X3° 
units. . - 

If, on the other hand, the x output of memory cell 1 
is in the binary "O' state (no pulse) at time D3, the 
binary state of the x output of memory cell 2. may be 
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either "0" or '1'. If the state is “1”, then AND gate 
84 will be enabled. A positive pulse ("symbol two out 
put) will appear at the output summing resistor 86, be. 
passed on to the ouput summing node 88, thence to the 
summing amplifier 90, and finally to the encoder output 
92, where its presence will be interpreted in code units as 
2X3. A "symbol two output" is thus a positive pulse 
and indicates that a particular digit is to be multiplied 
by a coeficient of two. - - 

In Sum, the encoder of FIG. 1 comprises a reference 
current generating network made up of N pairs of resist 
ance branches (the resistors 21 to 26), where N is the 
number of digits employed by the code - here three. 
The number of resistance branches is, in other words, 
determined by the number of message-reference compari- ... 
sons which must be made to determine the values to be 
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assigned the coefficients a; (see Equation 1 above). The 
encoder further comprises logic and timing circuitary to 
Synchronize and control the determination of each a co 
efficient and to proceed from one digit to the next. Read 
out networks are employed to appraise the information 
stored in the memory cells to 6 and to pass each of 
these appraisals in appropriate pulse form to the output 92. 

It will be helpful to consider some of the theoretical 
aspects of the invention. The coefficients a (see Equa 
tion 1 above) are determined in the order of their signifi 
cance. The encoder of FIG. thus begins by determin 
ing the value to be ascribed to the coefficient a (-), 
the most significant coefficient. In an encoder of base 5, 
for example, the order of determination would be a, as 
a2, a1, ao. Each of the coefficients a may assume b dif 
ferent values including Zero. In the quinary example, 
each of the coefficients a may assume any of the values 
0, 1, 2, 3 or 4. An encoder arranged in accordance with 
the invention is so organized that it will require only “in” 
message-reference comparisons to determine the value 
to be ascribed to an a coefficient. The number n is the 
Smallest integer that will satisfy the expression: 

2nst 
After the most significant coefficient, a (N-1), has been 
determined, the reference network, which here consists 
mainly of the resistor branches 2i to 26, conveys to the 
Summing node 20 a reference current of magnitude equal 
to a (N-1)b (N-). The message-reference comparison 
at node 20 will result in a residue or difference signal. A 
equal to 

where y is the magnitude of the message input sample. 
This residue is then used to determine the next a coeffi 
cient, that is, a (N-2). The process continues until the 
least significant digit, that is ao, has been determined. 

In a ternary System each of the coefficients a may as 
Sume any one of three values (see text immediately fol 
lowing Equation 2); yet, in accordance with the invention, 
only two decisions, i.e., message-reference comparisons, 
are necessary to arrive at the correct value of any co 
efficient, since 2m is greater than b (see Equation 3). 
Even in a system of base 4, only two decisions will be 
required in an encoder arranged as taught by the inven 
tion, for, with m=2 and b =4, Equation 3 is still satisfied. 
On the other hand, presently known PCM systems having 
bases greater than 2 (so-called "hyperbinary” systems) 
require at least as many independent decisions as there 
are possible coefficient values other than Zero. 

It is a further advantage of the invention that a deci 
sion circuit of the type ordinarily employed in binary 
encoders (the monostable regenerative circut 30) may be 
used in hyperbinary encoding processes. În such a deci 
sion circuit it is only necessary to decide whether the 
residue signal A is greater or less than zero. In contra 
distinction, presently known hyperbinary systems of the 
network type employ multilevel decision circuits which 
must accurately determine the incremental level in which 
the residue signal falls. In such multilevel decision cir 
cuits, all reference levels must be accurately maintained. 
A decision circuit of the type employed in FIG. 1, how 
ever (the monostable regenerative circuit 39), is such that 
the circuit need only determine the polarity of the residue 
signal A in order to ascertain the significance of the mes 
sage-reference comparisons which occur at summing node 
20. 

It should be apparent, therefore, that one of the prin 
cipal advantages afforded by the invention is evidenced 
by the fact that with minimal increases in circuit con 
plexity, permutation codes having bases greater than two 
can be achieved. For example, with only two message 
reference comparisons, each of the coefficients ai can be 
determined for a ternary code as well as for a quadrinary 
code. Thus, in accordance with the invention, a quad 
rinary encoding process may be achieved with the basic 
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circuit of FIG. 1, without increasing the complexity of 
the reference network. As a consequence, the number 
of m message-reference comparisons necessary for the 
determination of each of the coefficients as is kept at a 
minimum and a simple monostable regenerative circuit 
(circuit 30) is all that is needed to determine the signifi 
cance of each message-reference comparison. 
A specific message sample will now be assumed in order 

to explain the various operations that the circuit of FIG. 
1 will undergo in converting the sample to a ternary code. 
in considering these operations, reference will often be 
made to the waveforms plotted in FIG. 2. Waveform 
10 is a plot of the message and reference currents which 
meet at the summing node 20 of FIG. 1. A message sam 
ple of 21.2 units has been assumed for the purpose of this 
description. Since we have assumed throughout this speci 
fication that the source E provides a negative reference 
potential, it should be noted that the reference current 
as shown in Waveform 00 of FIG. 2 is an absolute 
magnitude. 
Waveform 102 depicts the binary state of the x output 

terminal of memory cell throughout the seven time 
slots during which the message sample is converted to a 
ternary code. As mentioned previously, although eight 
time slots are used in the illustrative encoding process, 
the eighth time slot serves merely to reset the various 
memory cells of the encoder of FIG. 1. Accordingly, 
only seven time slots need be shown in FIG. 2. The 
waveform 84 depicts the binary state of the x output 
terminal of memory cell 2 of FEG. 1. The binary states 
of the x output terminals of memory cells 3, 4, 5 and 6 
depicted by the waveforms 106, 108, 110 and 112, re 
spectively. The signal fed out of the monostable regen 
rative circuit 36 into the feedback delay circuit 32 of 
FIG. 1 is shown as waveform 4 in FIG. 2. The read 
out pulses D3, D5* and D7, emerging, respectively, 
from the read-out delay circuits 74, 94 and 96, are de 
picted by the waveforms i6, 18, and 120, respectively. 
The "symbol two output' appearing at the output sum 
ming resistor 86 of FIG. 1 and the "symbol one output' 
appearing at the output summing resistor 83 are illus 
trated by the waveforms 122 and 124, respectively. Final 
ly, the ternary code appearing at the output terminal 92 
of the encoder of FIG. 1 is depicted by waveform 126 
of FG, 2. 
Assume, then, that the message sample fed into the 

input terminal 12 of the encoder of FIG. 1 has an ab 
solute magnitude of 21.2 analog units. At time D1 (the 
first time slot), the timing source 34 feeds a timing pulse 
into the OR gate 52 and thereby activates the memory 
cell 1. The x output terminal of memory cell 1, being 
thus cast into the binary “1” state, activates the switch 
ii, which in turn connects the resistor 21 to the reference 
source E. A current of 1x32 units is fed into the sum 
ming node 2C where it is compared with the message 
input sample of 21.2 units. This comparison determines 
that the message sample is greater in absolute magnitude 
than is the reference current. Consequently, the circuit 
30 produces no output pulse. 
At time D2 (the second time slot) a timing pulse is 

supplied by the timing source 34 to the OR gate 54 and 
the inhibit gate 38. Memory cell 1 is reset so that its x , 
output terminal reassumes the binary '0' state and the 
switch is switched from the potential source E to 
ground. Current through the resistor 21 therefore ceases. 
Since, as was mentioned, no output pulse was produced 
by the circuit 36 at time D1, no pulse will be present on 
the feedback conductor 36 at time D2. Consequently, 
the inhibit gate 38 is uninhibited and the D2 timing pulse 
will set the memory cell 2, thereby placing its x output 
terminal in the binary '1' state and causing switch 12 
to connect the resistor 22 to the reference source E. A 
current of 2X3 units is now supplied to the summing 
node 20 where it is compared with the message sample 
of 21.2 units (see waveform 100). Realizing that the 
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absolute magnitude of the reference current is still less 
than that of the message current, the circuit 30 again 
produces no output pulse. 
At time D3 (the third time slot) a timing pulse is Sup 

plied by the timing source 34 to the read-out delay circuit 
74, the AND gate 48, and the OR gate 56. Since no 
feedback pulse is present on the feedback conductor 36, 
AND gate 40 is not enabled. Memory cell 2 thus re 
mains in the state it assumed during the second time slot, 
i.e., its x output terminal remains in the binary '1' state. 
Timing pulse D3 sets the memory cell 3, however, caus 
ing its x output terminal to assume the “1” state, thereby 
connecting switch 13 to the reference source E. Refer 
ence current flows from the reference source E through 
the resistors 22 and 23 so that a total of 21 units of refer 
ence current is fed to the summing node 20 and there 
compared with the message sample. Realizing that the 
reference current is still less in absolute magnitude than 
the message current is, the output of circuit 30 remains 
deactivated. During time slot 3, the delay interval of 
the read-out delay circuit 74, having expired, read-out 
pulses D3* are supplied to both of the AND gates 36 
and 84. Since the x output terminal of memory cell 2. 
is in the 'i' state (see waveform. i04 of FIG. 2) while 
the x output terminal of memory cell 1 is in the “0” state 
(see waveform 102), the read-out pulses D3* succeed in 
enabling AND gate 84 only, thereby supplying a "symbol 
two output' to the output summing resistor 86 (see wave 
form 122). This “symbol two output” passes through 
the summing output resistor 86, the output summing node 
88, and summing amplifier 96 to the encoder output ter 
minal 92 where it appears as shown in waveform A26 of 
FIG. 2. - 

At time D4 (the fourth time slot) a timing pulse is 
supplied from the timing source 34 to the OR gate 58 
of memory cell 3, thereby resetting the cell and causing 
its x output terminal to revert to the “0” state. At the 
same time, inhibit gate 66 is enabled (recall that the feed 
back conductor 36 is presently deactivated), thereby 
causing memory cell 4 to change its state of equilibrium. 
Memory cell 4, in turn, causes the switch 14 to connect 
the resistor 24 to the reference source E. Current now 
flows through the resistors 22 and 24 to the summing node 
20. The reference current now exceeds in absolute mag 
nitude the message current (see waveform 60 of FIG. 2) 
and the difference between these quantities succeeds in 
triggering the regenerative circuit 30 (see waveform 14 
of FIG. 2). 
At time D5 (the fifth time slot), therefore, the timing 

pulse supplied from timing source 34 will enable the 
AND gate 48 and the OR gate 66, thus causing the x out 
put terminal of memory cell 4 to revert to the “0” state. 
At the same time (time D5), AND gate 46 and OER gate 
56 are enabled thus again setting memory cell 3. The X 
output terminal of memory cell 3 is therefore in the “1” 
state. The D5 timing pulse, having overcome the delay 
interval of read-out delay circuit 94, emerges therefrom 
as the read-out pulse D5* and enables the AND gate 
128. A positive pulse is supplied to the read-out con 
ductor 72 and fed into the inverting amplifier 82, emerg 
ing therefrom as a “symbol one output” at the output 
summing resistor 83 (see waveform 124 of FIG. 2). This 
"symbol one output' progresses through output sum 
ming resistor 83, the node 88 and summing amplifier 96, 
and appears at the output terminal 92 as a negative pulse 
(see waveform 26). 
In addition to setting and resetting memory cells 3 and 

4, and performing the read-out process necessary to es 
tablish the proper coefficient at the output terminal 92, 
timing pulse D5 enables OR gate 62 thereby causing the 
x output terminal of memory cell 5 to assume the “1” 
state. During time slot 5, therefore, current flows through 
resistors 22, 23 and 25 to the summing node 28. The 
total reference current supplied by way of these resistors 
is shown as being equal to 22 units in waveform 100. 
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Since the result of the message-reference comparison at 
summing node 20 shows a preponderance of reference 
current, the circuit 30 remains in its activated state, so 
that its output continues to supply an enabling potential 
to the delay circuit 32 and thence to the feedback con 
ductor 36. 

Consequently, when the timing pulse D6 is supplied 
from timing source 34 to the inhibit gate 68, it is of no 
effect and inhibit gate 68 remains disabled. Timing pulse 
D6 enables OR gate 64, however, resetting memory cell 
5 and ultimately causing the cessation of the current 
through resistor 25. Current now flows only through 
resistors 22 and 23 to the summing node 20. The ag 
gregate current through these resistors is less in absolute 
magnitude than the message sample is, so that circuit 
38 reverts to its stable state. The feedback conductor 36 
will thus be disabled during time slot 7. 
When, therefore, the timing pulse D7 is supplied by 

timing source 34 to the AND gate 50, it is of no effect 
and AND gate 50 is not enabled; nor are the read-out 
pulses D7* effective in enabling the AND gates 132 and 
34, for neither of the x output terminals of memory cells 
5 or 6 is in the “1” state during time slot 7. Consequently, 
current continues to flow only through resistors 22 and 23 
(a total of 21 units) and the code finally emerging at the 
output 92 as the PCM representative of the message 
sample is as shown in waveform 126. 
The significance of waveform 126 is as follows. The 

pulse 136 indicates that the most significant coefficient 
a (see Equation 2) is equal to two; the negative pulse 
138 indicates that the second most significant coefficient 
a1 is equal to one; and the absence of a pulse during time 
slot 7 indicates that the least significant coefficient ao, is 
equal to zero. The aggregate code value of these digits 
is therefore 

The final step in the encoding process is achieved by 
the timing pulse D8 which resets each of the memory cells 
i to 6, causing all of their x output terminals to revert 
to the “0” state and, consequently, all of the resistors 21 
to 26 to be connected to ground. The encoder is thus 
ready to convert the next sample to a ternary code. 
What has been said serves to illustrate the manner in 

which the invention permits more efficient use of the 
multilevel pulse trains presently employed in binary sys 
tems. We have seen how permutation codes of base 
greater than two may be produced simply and economi 
cally in accordance with the invention. At the same time, 
the noise advantages of binary PCM are retained. The 
resultant increase in transmission capacity or reduction 
of bandwidth requirements, depending upon choice, is 
readily perceived. Whereas, for example, a ternary sys 
tem employing five digits can define 243 quantum levels, 
to accomplish comparable definition in a binary system, 
eight digits are required. - 

in the foregoing description, the invention has been 
illustrated by apparatus for converting analog information 
to a ternary code. The principles of the invention may, 
however, be extended to apparatus for conversion of such 
information to permutation codes of still higher bases. 
The arrangement of the illustrative encoder of FIG. 1 is 
such that higher-base codes are readily attainable with a 
minimal increase in circuit complexity. Progression to 
these higher bases does not necessarily require an ad 
ditional reference branch (e.g., resistance branch 21) for 
each new value that the digit coefficients may assume. 
Combinations of reference branches may be invoked to 
the fullest extent. Thus, for example, a quadrinary ver 
sion of FIG. 1 would require no additional reference 

?0 branches. 

75 

It should be understood, therefore, that the above 
described arrangement is an illustrative application of the 
principles of the invention. Other arrangements may be 
devised by those skilled in the art without departing from 
the invention's spirit and scope. 



8,082,610 
9. 

What is claimed is: 
1. An encoder to convert a message Sample to a per 

mutation code of base three, said code physically com 
prising positive and negative pulses occupying preas 
signed time slots in a time pattern and representing in 
order of significance and time the digits an 13, . . . 
a31, a3, where N equals the number of digits employed 
in said code and the coefficients a may each equal 0, 1, 
or 2, comprising an input to receive said sample; an out 
put for transmitting the code representation of said Sam 
ple; a source of reference current; N reference-current 
networks, each network comprising two companion 
branches, one for passing twice the reference current 
from said source that the other does; the ohmic values 
of all the branches of all said networks being interrelated 
as are the powers of three; comparison means for con 
paring said sample with the currents passed to said com 
parison means from said networks; control means, re 
sponsive to said comparison means, for determining and 
then selecting which of the branches, if any, in each of 
said networks is ultimately to pass current to said com 
parison means to offset said sample; said control means 
including a memory circuit for each of said branches for 
recording the determinations of said control means, and 
Switching means to pass current from said source of 
direct current through said branches at appropriate 
times; read-out means interconnecting each said memory 
circuit to said code output for reading out said deter 
minations stored in each said memory circuit; and timing 
means to synchronize said control means and said read 
out means in accordance with said time pattern. 

2. An encoder in accordance with claim 1 in which 
said read-out means comprises means to transmit from 
each said memory circuit to said output a pulse of one 
polarity if the memory circuit has recorded that its asso 
ciated branch was selected ultimately to pass current to 
said comparison means and said associated branch 
passes twice the reference current that its companion 
branch passes, a pulse of the opposite polarity if said 
associated branch was so selected but passes only half 
the reference current that its companion branch passes, or 
no pulse at all if said associated branch was not so 
Selected. 

3. An encoder in accordance with claim 2 wherein 
each of said read-out circuits is associated with a speci 
fied pair of said memory cells and comprises a pair of 
AND gates, each having an output and two inputs, one 
of which is connected to the output of a respective one 
of said pair of memory cells; a delay circuit having an 
input connected to said timing source and having a pair 
of outputs; means connecting each of said delay circuit 
outputs to a respective one of the other of said two 
inputs of each AND gate; and individual means con 
necting each of said AND gate outputs to said code 
output. 

4. An encoder in accordance with claim 3 in which 
said individual means connecting one of said AND gate 
outputs to said code output comprises an inverting am 
plifier. 

5. An encoder in accordance with claim 2 in which 
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10 
said means interconnecting said output of Said regen 
erative circuit with at least one input of each of Said 
memory cells includes a delay circuit having a delay 
interval substantially equal to the duration of one of said 
time slots. 

6. An encoder in accordance with claim 5 wherein 
said at least one input of each of said memory cells con 
prises said set input and wherein said logic circuitry inter 
connecting said output of said regenerative circuit and 
said source of timing pulses with the set inputs of the 
1st, 3rd, . . .(2N-1)th of said memory cells comprises, 
as to each of said odd-ordered memory cells, an OR 
gate and an AND gate each having a pair of inputs, one 
of which is connected to said timing source, and each 
having an output, the output of said AND gate being 
the other of said pair of OR gate inputs and the output 
of said OR gate being connected to said set input, and 
means connecting the other of said pair of AND gate 
inputs to the delayed side of said delay circuit. 

7. An encoder for converting an analog sample into 
a ternary code in the form of an N-digit pulse group 
whose code value x may be represented by the expression 

where the coefficients ao, a, a2 each may be equal to 
0, 1, or 2, comprising: a message input for receiving said 
Sample; a code output for transmitting said pulse group; 
a reference network comprising a source of reference po 
tential and a plurality of N pairs of resistors interrelated 
in ohmic value as the powers of three; a plurality of 2 N 
Switching circuits each associated with one of said re 
sistors to switch its associated resistor from ground to 
said reference source in response to an activating pulse; 
means for comparing reference current from said refer 
ence network with said sample to derive a difference sig 
nal; a monostable regenerative circuit for maintaining a 
pulse at its output only when said difference signal rep 
resents a preponderance of reference current; a plurality 
of 2 N memory cells, each being connected to an asso 
ciated one of said 2 N switching circuits and having two 
Stable states of equilibrium, and each supplying an activ 
ating pulse to its associated switching circuit when in 
one of Said states of equilibrium; a source of timing pulses 
for Syrichronizing the operation of said encoder; logic 
circuitry interconnecting said regenerative circuit output 
and said timing pulse source with each of said memory 
cells to determine the states of equilibrium of said cells; 
a plurality of N read-out circuits, responsive to said tim 
ing source, for appraising the states of equilibrium of 
associated ones of said cells at specified times; and means 
interconnecting said read-out circuits and said code out 
put for Symbolizing said appraisals as pulse representa 
tions of said expression for said code value x. 
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It is hereby certified that error appears in the above numbered pat 
ent requiring correction and that the said Letters Patent should read as 
corrected below. 

Column 9 line 43, after "selected." insert the following 
claim : 

3. An en coder for convert ing an analog signal 
to a permutation code of base b greater than two 
said code comprising N-digit pulse groups encompassed 
by a matrix of time slots each group representing 
a sample of said analog signal, each of said digits 
being some ith power of said base b and having a 
corresponding multiplication coefficient ai, the 
code value x of each of said groups thus being 
represented by the expression 

N-l i 
X = X: aib 

i-O 

where ai=O, l, 2, . . . (b - lO , and i = O, l, 2, . . . (N-l) 
said encoder comprising: a message input to receive 
Said analog signal samples i a code output for trans 
mitting said ai bi ; a reference-signal generator 
Comprising a source of reference potential and a 
plurality of 2N resis tors ar ranged in pai r s , the 
o himic values of the re si s to r s of each pa i r b e ing 
related as the powers of two and the ohmic values of 
all of the re si s tors of said pai r s being related 
a S the powe r s of said base b; a plu ra li ty of 2N 
switching circuits each associated with one of said 
res i stors for switching i ts associated res i stor 
f r om ground to said po tenti al source i n r e s p on se to 
an activating pulse; a Summing node conduct or means 
for conveying to said summing node reference currents 
from said gene rator and said analog sample from said 
message input to derive a difference signal; a mono 
stable re generative circuit for generating an output 
pulse in response to said difference signal only 
when said difference signal indicat es that said 
referen c e c u rrent is greater i m absolut e magnitude 
than said analog sample; a plurality of 2N memory 
cells each being associated with one of said 2N 
switching circuits and each having : two states of 
e qui libri um, a s e t imput to estab li s h one s t a te when 
impulsed a reset input to establish the other state 
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when said set imput is impulsed ; means connecting 
said output of each of said memory cells to its 
as sociated switching circuit for activa ting said 
switching circuit a source of timi ng pulses for 
determining the occurrence of said time slots 
means including logic circuitry, interconnecting 
said output of said regenerative circuit and said 
source of timing pulses with at least one input 
of each of said memory cell inputs for determining 
the states of equilibrium of said cells; a plurality 
of N read-out circuits, connected to said cell out 
puts and said code output and responsive to said 
timing source, for appraising the states of equili 
brium of associated ones of said memory cells at 
specified times and for symbolizing said apprais als 
as pulse representations of said ab'. 

same column 9 line 44 for "2. An engoder in accordamee with 
cla im 2" read -- 4. An encoder in accordance with claim 3 -- 
line 56, for "4. An encoder in accordance with claim 3" read 
-- 5. An encoder in accordance with claim 4 -- line 6O for 
"5. An encoder in accordance with cla im 2" read -- 6. An 
encode r in accordance with claim 3 --; column lO line 6, for 
"6. An encoder in accordance with claim 5" read -- 7. An 
encoder in accordance with claim 6 -- ; line 20 for the claim 
numbered "7" read -- 8 -- in the heading to the printed 
Specification line 8, for "7 Claims." read -- 8 Claims. --. 
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