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Abstract—Arrays of memristors can be used in promising
neural computing systems as a programmable resistance
(analog multiplication ratio) when performing operations of
analog scalar multiplication of vectors, discrete in time. To form
the required resistance, the memristor must be subjected to a
"programming' procedure. The procedure can be carried out
in two different ways, related to the different direction of
movement according to the volt-ampere characteristic of the
memristor. The paper deals with the proposed memristor
elements programming device based on a digital-analog
converter and a variable resistor. The paper says about the
advantages and disadvantages of various existing and possible
programming methods. The developed device is universal and
does not require additional analysis of the output voltage.

Keywords—memristor, programmable resistance, analog
neural calculations, programming scheme, artificial intelligence

I. INTRODUCTION

A memristor is a passive element in microelectronics that
can change its resistance under the action of an electric field
and a charge flowing through it, and also maintain resistance
for a long time. The memristor has a non-linear current-
voltage characteristic (Fig. 1). An array of memristor elements
can be used in promising systems of neurocomputing [1-4] as
a programmable resistance (analog multiplication factor) [5,
6], when performing operations of analog multiplication of
vectors [7]. An important scientific and technical task is the
development of methods and hardware that directly work with
arrays of memristor elements. At the same time, the methods
and hardware should ensure measuring (reading mode) and
controllable change (programming mode) of the resistance of
these elements. The typical programming schemes are
considered in this paper, and also a new scheme for a universal
programming device are proposed. This scheme was
developed for memristor elements of the "metal-dielectric-
metal” type, where yttrium-stabilized zirconium dioxide is
used as the main dielectric [8, 9]. However, this scheme can
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be adapted by selecting the values of electronic components
to operate with memristors that are manufactured using
different technologies. The current-voltage characteristic (I-
V) of the used memristors with the Au/Ta/ZrO2/Pt/Ti
structure is shown in Fig. 1. This -V characteristic was built
when a sawtooth reamer was applied to the memristor in terms
of voltage in the range from -2 to 2 V. The developed
memristors are very low-voltage, which is important for
energy-efficient neurocomputing. For their programming in
all modes, it is enough that the current and voltage drivers
operate in the specified ranges of values.
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Fig. 1. IV-characteristic of experimental sample of a cross-bar memristor
with indicating transitions

In order to exclude unwanted changes in the resistance of
these memristors in the reading mode [10], it is advisable to
select the voltage of the signal sources in the range from -0.25
to 0.25 V. This range corresponds to the 1-V characteristic
section, where there is no hysteresis (see Fig. 1). When the



voltage on the memristor changes, the current passing through
it changes, as indicated by the arrows in Fig. 1. There are two
boundary states of the memristor [11, 12]:

o LRS (Low Resistance State);
e HRS (High Resistance State).

As it moves along the I-V characteristic, the memristor
element can change its state from HRS to LRS. This transition
is called "SET". The transition in the opposite direction, from
LRS to HRS is commonly called "RESET" [11, 12].

The memristor programming procedure in the “SET”
transition is commonly called [I11] “Decremental
programming”, and in the “RESET” transition - “Incremental
programming”.

Il. TRANSITION TO HIGH RESISTANCE STATE

A typical programming scheme in "RESET" is presented
in [11]. Similar programming schemes are also presented in
[12, 13].

The principle of operation of this scheme is as follows: the
memristor is transferred to the LRS state, then pulses with a
given duration (in our case 40 ps) and period (100 ps) are fed
to its input. With each new pulse, the conductivity of the
memristor gradually decreases, and the voltage "op_out" at the
output of the converter increases due to a decrease in the
resistance ratio Ro/R(m(t)). When the conductivity decreases
to a predetermined value, the process is interrupted, and the
memristor is considered programmed.

The results of scheme modeling are shown in Fig. 2. This
method is convenient in that it can be implemented within the
framework of a combined cross-bar control architecture.
Thus, the operating voltage source can be combined with the
programming voltage source, the receiver can be combined
with the ADC, and the programming process itself can be
parallelized by lines [13].
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Fig. 2. Results of modeling the programming scheme of a memristor in a
high-impedance state:
a — input signal; b — output voltage of the operational amplifier; c —
comparator output signal; d — strobe pulses; e — a plot of the programmed
memristance; f — signal of the end of programming

However, the nature of the change in the resistance of the
memristor during programming is rather non-linear (see Fig. 2).

I1l. TRANSITION TO LOW IMPEDANCE STATE

A typical programming scheme in "SET" is presented in
[11]. The scheme differs from the previously considered one
in that the programmable memristor is placement in the
feedback circuit of the current-voltage converter.

The results of simulation of this scheme are shown in Fig.
3. Unlike the previous scheme, the programming pulses are
inverted. The initial state of the memristor is HRS. Then, as
the pulse number increases, its resistance begins to decrease.
The blue color (curve M(kQ)) shows the change in the
resistance of the memristor. The programming process ends
as soon as the voltage at the output of the current-to-voltage
converter is less than the threshold value V.
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Fig. 3. Results of modeling the programming scheme of a memristor in a
low-impedance state:
a — input signal; b — output voltage of the operational amplifier; c —
comparator output signal; d — strobe pulses; e — a plot of the programmed
memristance; f — signal of the end of programming
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Programming in the "SET" transition has the advantage
from point of view better linearity. But with such an
implementation, it becomes necessary to switch the memristor
[14], which excludes the possibility of using the programming
mode combined with the main operating mode of the device.

To prevent the failure of the memiristor, it is necessary to
provide a current limit [15]. Then the programming method in
"SET" is more convenient for the following reasons:

o the memristor current is strictly limited by the resistor
in LRS scheme while, as in the circuit in HRS scheme,
with an unsuccessful choice of operational amplifier,
the current may be limited only by the internal
resistance of the memristor;

e the programming process starts with small currents,
which is safer.

IV. PROGRAMMING SCHEME USING A VARIABLE RESISTOR

A universal programming device based on a scheme with
a memristor placed in the feedback circuit of the operational
amplifier is proposed. Fig. 4 shows a structural scheme of such
a device. It contains a bipolar generator of the programming
voltage V, at the input, two identical channels of the op amp
DAl and DA2, one of which contains a programmable
memristor MR, and the other has an exemplary variable
resistor RP, a comparator DA3 at the output.

DA1

WF———+

R1 MR

Fig. 4. Programming scheme using a variable resistor

The programming process begins by resetting the
memristor to the HRS. After that, the adjustment to the desired
resistance of the variable resistor is carried out. This resistance
will have a memristor at the end of the programming process.
Then, a sequence of pulses [11] or a linearly increasing
voltage is formed at the source output V. At the same time, in
the DAL circuit, a gradually increasing current will flow
through the memristor MR, and the conductivity of the
memristor will increase. At the moment when the internal
resistance MR is equal to the resistance RP, the voltage at the
output DAL will exceed the voltage at the output DA2. Then
the comparator DA3 will switch, and the voltage U, will

change polarity. This will be the criterion for completing the
programming process.

The use of a bipolar voltage source V, and a bipolar
operational amplifier in this scheme allows programming of
any type, both “Decremental” and “Incremental”, as well as
transferring the memristor to any state without re-switching it.

Fig. 5 shows the operation of the programmer when the
resistance of the variable resistor varies in the range from 10
to 90 kOhm in steps of 20 kOhm. The moments of operation
of the comparator turn out to be exactly at the moment of
equality of the resistances of the memristor and the variable
resistor in the entire range of changing values.
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Fig. 5. Simulation results with variable resistor resistance variation from 10
to 90 kOhm

The simulation results confirm the operability of the
structural and scheme solutions embedded in the programmer
node.

V. CONCLUSIONS

According to the results of the research, it seems a rational
choice to use a programming circuit using a variable resistor
as part of a cross-bar control device. An ADC also can be
added into the scheme, the input of which will be connected
to the output DAL. Thus, it becomes possible to choose a
device for measuring the resistance of the memristor both
during programming and for the purpose of monitoring the
resistance of the memristor at the end of the procedure.

The use of a bipolar voltage source V, and a bipolar
operational amplifier in this scheme allows programming of
any type (both "Decremental" and "Incremental”). The
transfer of the memristor to any state is then possible without
its re-switching.
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