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further investigation into other technologies (I2L) and with
the generalization to n-valued circuits.
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Abstract-A family of circuits for multivalued, in particular
quaternary, integrated injection logic is described. The basic elements are the 12L current mirror and F2L threshold gates.
Index Terms-Multilevel 12L, multivalued logic, Post logic,
quaternary logic, quaternary ROM, quaternary flip-flops, radix-4
arithmetic, threshold 12L.

M/[ULTIVALUED digital circuits make feasible

Mvt very compact computers because such circuits have

high logic density, reduced interconnection area, and high
production yields. The type of multivalued logic system
to be implemented is determined mainly by the basic
function which can be realized reliably in a modern technology. This paper describes a circuit family which uses
I2L to implement a four-valued logic system which can
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easily be modified to realize either a three-valued or a
higher valued system.
Past attempts at developing multivalued circuits have
concentrated on three-valued logic. Our choice of fourvalued logic (a power of 2) is based on the belief that easy
convertibility between binary systems and multivalued
systems will be very important. The ability to combine the
multivalued circuits with binary circuits in the same system is believed to be a necessity for the foreseeable future.
Also using a higher radix (four rather than three) improves
the gain (density, area, yield) from using multilevel circuits.
In any digital system signal levels can vary from their
nominal levels and must be restored or requantized before
the variation becomes so large that the signals lose their
information content. In most practical situations the
electrical level corresponding to a logic value might be
deteriorated to a point where it must be restored to its
normalized level, especially inside a feedback loop.
Therefore, reliable means of level-detection threshold
gates must be provided. It turns out that broad use of
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Fig. 1. (a) 12L current-mirror. (b) Side view. (c) Top view.

threshold gates in the implementation of multilevel logic
functions leads to a generalized design approach applicable
to any radix.
The use of threshold functions in logic circuits has been
under investigation for some time. In fact several practical
ECL implementations [1]-[3] have been proposed in the
past. Threshold functions are rarely used in practice. They
appear only where conventional logic implementation is
uneconomical, e.g., partially or totally symmetric functions
of many variables.
The threshold gate has binary inputs and binary outputs. Its internal parameters are input weights w1,
w,
and threshold T. The gate forms the linear weighted sum
of inputs and compares it to the threshold. The resulting
output is "1" if the sum exceeds the threshold, and "O"
otherwise. With a wide range of weights and thresholds
possible, many functions can be realized by a single
threshold gate. The class of functions realizable is the
well-known linearly separable functions.
12L/MTL is in essence a current-mode direct-coupled
transistor logic. Like ECL, 12L can implement the following
functions which are essential to the threshold gates.
1) Input Replication: Create replicas of an input
through current-mirror imaging.
2) Weighted Sums: Form arithmetic sum of several
weighted replicas.
3) Threshold Detection: Determine if sum exceeds a
predetermined threshold.
12L implementation can be sufficiently insensitive to power
source variations for practical use.
The 12L current-mirror [4], [5] constitutes the main
building block. Fig. l(a) shows the circuit diagram of a
current-mirror producing three replicas of an input. Fig.

1 (b) and (c) give the top view and the cross section of the
device.
It is known that since all I2L n-p-n collectors operate in
the inverted mode, they are independent of each other in
the sense that any of them may be saturated without affecting the others. The inaccuracy of the mirror due to the
low beta can be corrected by undersizing the feedback
collector with respect to the others. The weighting is obtained by varying the size of the output collectors. Collectors of different sizes and from different current-mirrors
are connected together to form a weighted sum (Fig. 2). A
more conservative design would use a Darlington current
mirror, with an isolated n-p-n in front of the regular multicollector inverted n-p-n, thus providing high-loop gain
to insure both unity current gain and larger fan out. Also
the base of the p-n-p would be biased above ground to
maintain the constancy of all current sources (Fig. 3). A current differencing amplifier implements the
threshold detection function. A fixed p-n-p current source
injects current T into the base of an n-p-n transistor, and
a summing with a current sink a equal to a weighted sum
of several signals attempts to sink the injected current [Fig.
4(a)]. For threshold T, T units of current are injected. The
transistor cuts off if the current sink a is T or greater. The
threshold is physically controlled by the opening of n+
suppression bar between the injector and the base region
of the detector [Fig. 4(b)]. Better control of the threshold
could be obtained by using an isolated multicollector p-n-p
where the sizes of the separate collectors are quantized to
provide one half of the unit current [Fig. 4(c)]. Several
collectors are connected to produce the desired threshold.
A family of circuits for multilevel integrated injection
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Fig. 3. Darlington current mirror.

logic is described here [6]. The specific values shown are
for four-level realizations, but the technique is not limited
to four levels.
It is well known [7], [8] that if it is possible to realize
certain basic functions, then any multivalued function can
be realized by interconnections of these basic functions.
A sufficient set of basic functions is listed in Table I.
The simplest of these basic functions to realize is the
complement, for which a circuit is shown in Fig. 5. The
notation used is that the symbol (0123) at the input terminal shows the four possible values of input current. The
( ) symbols elsewhere in the circuit show the corresponding currents which flow at these other points in the
circuit. Thus the symbol (3210) at the output means that
there will be an output current of 3 when the input current
is 0, an output current of 2 when the input current is 1, etc.
The 3 next to the current source indicates that it sources
3 units of current. Circuits for the successor and literal
functions are shown in Fig. 6. A circuit for the MAX function is shown in Fig. 7. Actually this circuit realizes the
complement of the Maximum, MAX (x,y) = 3- MAX (x,y).
MAX (x,y) can be realized by using a complement circuit
following the MAX (x,y) circuit to obtain MAX (x,y) = 3 (3 MAX (x,y)) = MAX (x,y). The analysis in the figure
shows that the output is 3 - (x + y - MIN (x,y)), but it is
easily demonstrated that x + y - MIN (x,y) = MAX (x,y).
A circuit for the MIN function is easily obtained by preceding each of the inputs by complement circuits since
MIN (x,y) = MAX (Y,y), see Fig. 7.
Another type of basic building block is the multiplexer
-

(c)

Fig. 4. Standard 12L threshold detector. (a) Threshold detector. (b)
Layout. (c) Improved detector.

T-gate shown in Fig. 8(a) and (b). It has been shown [9]
that any multivalued function can be realized by appropriate interconnections of "T-gates."
While it is possible to realize any function using the basic
gates just described, the resulting realizations are not
necessarily efficient. Another type of gate circuit, shown
in- Fig. 9, has been found to be useful in obtaining more
efficient circuits than those constructed with MAX and MIN
gates.

or
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TABLE I
Basic Multivalued Logic Functions
Maximum:
MAX (x,y)
= x if x ' y
= y if y . x
Minimum:
MIN (x,y)
= x if x < y
= y ify 'x
x
Complement:
= 3 - x (four-valued logic)
Successor:
suc (x)
= (x + 1) Modulo 4
Literals:
axb
=3,ifa<x<b
= 0, otherwise

3

X --0123A--,

,

<0123>

<3-x>
<3210>

Fig. 5. Complement gate.

(X + 1) MODULO 4

(a)
A B

x

R = 1.5

<0010>
<0001>

<01 23>

<1110>

<0001>

O0, 1, 2, 2.5> <2.5, 1.5, .5, 0>
Action for other values of a and b
for lxi set R = 1/2, S = 3/2
1X2 set R = 1/2, S = 5/2

(b)
Fig. 6. Successor and literal circuits. (a) Successor circuit. (b) Literal
circuit with labels for 2X2.
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Fig. 7. Circuits for MAX, MAX and MIN functions. (a) Circuit for MAX
(x,y). (b) Symbolic representation of circuit for MAX(x,y). (c) Symbolic
representation of circuit for MIN(x,y).

(b)

Fig. 8. Four-valued logic multiplexer of T-gate.

(39 [MAX (W, X)+Yj]

Fig. 9. Universal,quad logic gate.
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Fig. 10. (a) Truth table for quaternary adder. (b) Quaternary adder.

A particularly important function in digital logic involves the addition of two base-b numbers. The truth table
of a full adder circuit for two base-4 digits is shown in Fig.
10(a). Notice that, although x and y are quaternary, the
carry ci, by definition takes only binary values 0 or 1. Fig.
10(b) shows one possible implementation of the adder. As
an example, a set of input values:
x =

2

Ci=

1

corresponds to an output set
s

=0

c1

as indicated by the truth table. The three current-mirrors
create two potential replicas of the input linear sum, which
is in this case equal to 4. One exact replica is reflected to
output s as a sourcing current of value 4; however, since the
detector 3.5 is turned off by the other potential replica, the
modulo 4 operation is performed:by the mirror-current
corresponding to output s, which will sink exactly four
units of currents provided by the p-n-p mirror. Therefore,
the output current s is equal to 0, while simultaneously the
output current at c is equal to 1, since the detector is off.
Also multiplication and division in base-b require a

product gate of two digits in base-b which is shown in Fig.
11. It implements the following elementary operations:
add 0
If y = 0,
add x
If y = 1,
add x twice
If y = 2,
If y = 3,
add x three times.
Therefore, the circuit comprises a three-input full adder
driven by the triplicate of x. The number of active x inputs
is controlled by the y replication controller, which is defined as follows. It has a quad input, and three binary
outputs of values 0 or 3. The number of outputs taking a
value 3 is exactly equal to the value of the input y.
Read-only memory can be readily implemented in
multilevel logic circuits, using Darlington current mirrors.
Each cell can store multibits, as shown in Fig. 12. All cells
along a column are formed out of the same base. The column is selected by supplying a unit current to yj. All cells
along a row i are "wired-ored" to an output current mirror.
The row i is selected by setting xi = 0 and all other x inputs
equal to 3. The stored value of the cell (i,j) is physically
determined by the number of connected collectors. It is
conceivable that the use of table look-up for the realization
of complex arithmetic functions would be more efficient
than using combinational circuits.
To combine all the above described primitive functions
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Fig. 11. (a) Quaternary full product. (b) Truth table of a quaternary
full product. (c) Three input adder.
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Fig. 12. Quaternary ROM for full product sum-output: S = X Y modulo 4.
-

1240

IEEE TRANSACTIONS ON COMPUTERS, VOL. C-26, NO. 12, DECEMBER 1977

&S/S

§

3 s

2

_

---

--

1

S

I~~~~~-5

.5

1.5

2.5

(a)

(b)
Fig. 13. (a) and (b) Quaternary quantizer.
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Fig. 14. Quaternary D latch.

Fig. 15. Quaternary D flip-flop.

and/or others in order to realize a practical working logic
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system, one would need a crucial element called a quantizer
(Fig. 13) which restores signal levels. It can be derived from
the multiplexer [Fig. 8(b)] by removing the x input path
and also transistors T2 and T3 and setting y, z, w all equal
to one unit of current.
While the large family of gates just described allows
realization of any combinational function, it is not sufficient for sequential logic implementation. Storage elements such as D latch, and D flip-flop are shown in Figs.
14 and 15. They are essentially built around quantizer with
output fed back to the input to several stages of control
gates. Although they are quite suitable for use as temporary storage, they are too complex as a memory cell for a
sizeable RAM. The best element would be a simple three
terminal device which exhibits multistable states. At the
actual level of the technology, one must be content with
large binary RAM input-output converters or CCD with
quantizer as level refresher.

beginning.
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