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* Able to exhibit a binary (without intermediate states)
and perfectly lineal resistance without variability (that
is R, or Ryp).

*  The voltages at which the resistance state changes (¥,
and V,e.) has to be clearly defined exhibiting a
neglectible cycle to cycle variability.

* It has to exhibit an inherent nonvolatility property.
* Itis desiderable that the device be passive.

Fig. 4 shows the proposed emulator circuit:
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Fig. 4. Proposed emulator circuitry.

In Fig. 4 a and b represent the two terminals of the
emulator circuit, so of the memristor. The basis of the
proposal is an electromechanical device TQ latching
(bistable) relay. The relay keeps the position of the contacts
without the need of any external source of energy. The
connection is changed when a pulse of current passes
through the set and reset coils in one or other sense. The
main circuit is the branch b-relay-resistors-a. The two
resistors are conventional resistors with resistances R, and
R,y The other branch, b-zeners-coils-a, corresponds to the
set and reset functions of the memristor. The two anti-series
zeners cause a potential barrier that defines the set and rest
voltages. When V, is in-between the set and reset voltages
(zeners are off) the branch does not conduct current. The
values of the R,, and R,y of the emulated memristor are
given by the two resistors and the transition voltages by
(V-V} criteria):

Vset = Vz2 + V.
Vreset = _Vzl_ V.

where V. is the forward voltage of diodes. It is possible to
adapt the design to any set and reset voltages selecting the
appropiated zener diodes. In cases where the V., is near to
zero (like in the physical memristor shown in Fig. 3) it is
possible to use just one zener, being in this case:

Vset = VZZ

Vreset =- V

Taking advantage of the fact that the relay device
(Panasonic TQ 2 coils 2 circuits relay) has two independent
circuits the second one can be used to optionally display the
state of the memristor with a green led and with the
inclusion of a switch and a push button and an external
power supply the functionality to pre-set the emulator of
any of the two resistance states (on, off). These two
complementary circuits do not affect the basic circuit
shown in Fig. 4. Fig. 5 shows the scheme of the complete
emulator including display and pre-setting.

Fig. 5. Complete emulator circuitry including display and pre-
setting facilities.

IV. PHYSICAL CONSTRUCTION OF THE EMULATOR AND
DESCRIPTION OF A 7-MEMRISTORS IMPLY CIRCUIT SET-UP

Fig. 6 shows the physical aspect of the emulator
implementation (25%25 mm) on a printed circuit board. Detail
1 (circled) shows the two R,, and R,y resistors, 2 the zener
diode, 3 the relay, 4 the on/off selector switch, 5 the setting
button and 6 the state led. Fig. 7 shows I-V characteristic of the
emulator.

Fig. 6. Memristor emulator implementation.

We next introduce our scheme for the computation between
two registers in an unconventional data path unit by using the
IMPLY principle. Let’s consider two registers A and B (in
order to simplify the physical implementation we will consider



2-bit registers). The structure of the circuit is universal for any
set of instructions between the registers when including the
necessary  auxiliary —memristors. Our  approach is
straightforward, we will consider an extended IMPLY circuit
as the one shown in Fig. 1 but with 7 meristors (2 per register,
RA1/RAO for register A, RB1/RB0O for register B and 3
auxiliary (A0, Al, A2), enough for the set of instruction of
section V) for storage of intermediate results (see Fig. 8).
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Fig. 7. I-V characteristic of the emulator (vertical axis: 25
mA/div., horizontal axis: 2 volts/div.).

The seven pulsed signals are independent and are generated
with a sequencer implemneted with a FPGA board with the
appropiated level shifter buffers. Fig. 9 shows the complete set-
up implementation.

In the experiment the following settings have been used:
Ry = 1kQ, R,, = 100, Rg = 220Q, Vi, = TV, Vepar= 9V,
Veonar = 6.5V, Vijear (to reset the meristors) = -2V. The FPGA
generates for each of the 7 pulsed voltages, a 2-bit code of the
applied voltage (Veonat, Veonaz» Verears high impedance), decoded
by the level shifter buffer board.

VA1 VAQ VBO

Register A : : Register 3 :

VAux0 VAuxl VAux2

RA1 RAO |RB1 RBO A2

Re:

Fig. 8. Universal data path implemantation for two registers data
path by using the Imply principle and the scheme of Fig. 1.

V. APPLICATION OF THE UNIVERSAL DATA PATH CIRCUTRY TO
AN [-4004-LIKE INSTRUCTION SET

We will consider the following set of instructions: AND
(A,B), OR (A,B), NAND (A,B), NOR (A,B), XOR (A,B), R
(A), R (B) INC (A), INC (B), DEC (A), DEC (B), ADD (A,B)
and SUB (A,B). It has to be observed that in this structure there
is no privileged register (as was the case in the i-4004 with the
register A or accumulator), any register (A and B) can be

source and or destinity of the instructions, R corresponds to
rotate, so we consider 10 instructions.

Fig. 9. Global implementation of a universal data path for two 2-
bit registers. It can be identified the protoboard with 7 emulators, the
drivers specific board and ALTERA D-2 FPGA board as sequence
generator.

A. Application of sequences and performances

The electromechanical relays allow to work with pulses at a
cadence of 250Hz. Table II shows the time performances of
execution of each one of the 10 instructions.

TABLE II. SUMMARY OF THE INSTRUCTIONS REQUIREMENT (@250HZ)
instruction Time of | # of pulses | # of internal
execution (ms) applied operations
AND 160 40 10
OR 96 24 6
NAND 192 48 12
NOR 256 64 16
XOR 352 88 22
R 112 28 7
INC 320 80 20
DEC 320 80 20
ADD 560 140 35
SUB 832 208 52

B. The Increment instruction (INC).

In this subsection we show in detail as a matter of example
the sequences of actions and pulses corresponding to the
instruction INC. In the example we apply INC to register A,
not being used consequently register B, and auxiliary
memristors A0, Al and A2 the latter being where the carry is
stored at the end of the operation.

The sequence of 20 required operations are given by:

False A2, AO
RAO — A0
RAI — A0




A0 — A2
False A0, A1l
RAO — A0
RA1 — Al
RAO — RA1
A0 — Al
False AO

Al — A0
RA1 —= A0
False A1, RA1
A0 — Al
Al — RAl
False A1, A0
RAO — A0
A0 — Al
False RAO
Al — RAO

Fig. 10 shows the 20 operations expressed as pulsed
voltages on the respective memristors. The different operations
are performed just modifying the sequence of pulses and not
the architecture. Able to work at a pulsed frequency of 250Hz
the execution time of the instructions goes from 96ms in the
case of the OR to 208ms in the case of the SUB. IMPLY can
be considered an interesting approach to unconventioal
processors.

Vcond2 Vcondl Vclear

VAO | ‘[ | I
VAl *l' —_ l
VAux0 l_ —[ |

VAux1 1T [

VAux2 | | I

Fig. 10. Sequence of voltage levels applied to the five memristors
used in the INC instruction.

VI. CONCLUSION

This paper has presented a laboratory implementation of a
two-register data path unit by using seven physical memristor
emulators in a strainghtforward implementation of the material
implication or IMPLY function. The result is that it is a
satisfactory and universal way to implement a set of
instructions that in the case of the present article have been
inspired from the basic set of instructions of the i-4004
microprocessor. The ten basic considered instructions can be
implemented just modifying the sequence of pulsed voltages
sequence. Evidently the sequence is independent of the data
and also the architecture is simple and unique for the ten
instructions and for any other that could be selected. The
memristor used in the experience is an electromechanical
emulator, a quasi-ideal easily customizable device based on a
bistable relay. The use of such quasi-ideal memristor emulator
allows to experiment without taking into account process and
cycle to cycle variability limitations present in modern
nanodevices. This variability introduces yield limitations and
requiring in many cases memristor state refreshing. The
experimentation shows the benefits of the IMPLY as a
unconventional universal proccessing unit.
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