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Abstract—Memristors could be potentially used in both multi-
bit data storage and analogue computation, thanks to their
programmable resistance. However, there are three common
practical challenges to programme memristors to multiple re-
sistive levels. First, the programmed resistance is unstable due to
the device’s intrinsic randomness and relaxation. Second, the
memristor’s transient resistive response to external stimuli is
stochastic. Third, programming is unachievable if the target
level is beyond the memristor’s operational region. To overcome
these challenges, this work proposes a novel characterisation
methodology, which could implement multi-level memristor pro-
gramming by experimentally identifying the memristor’s multi-
level capability and then determining the corresponding resis-
tance ranges to accommodate its non-idealities. To automate
the proposed methodology, a mixed-signal CMOS system is
proposed. It mitigates device variations by providing flexibility
for reconfiguring pulsing schemes. Furthermore, it provides up
to 4.9V voltage pulses and enhanced reading accuracy for a
wide-range resistive load (2k$2 to 5M ().

Index Terms—memristor, multi-level programming, closed-
loop, characterisation

I. INTRODUCTION

Memristors have been widely used in multi-bit resistive
random access memory (RRAM) [1]-[3], electronic synapses
for neuromorphic networks [4], [5], and reconfigurable ana-
logue circuits [6], [7], attributing to their programmability
under electrical stimuli. However, achieving multi-level pro-
gramming poses challenges due to the intrinsic randomness
of memristors [8]. As illustrated in Fig. 1, memristors exhibit
uncertain transient resistive responses to programming pulses
and manifest randomly distributed resistances when subjected
to read pulses. Moreover, the programmed resistance may
quickly return to a stable equilibrium due to the short-time
relaxation. Consequently, precise memristor programming de-
mands closed-loop pulsing schemes [9]-[11] as introduced in
Fig. 2.

Programming an unknown memristor presents a significant
challenge, particularly in determining the target resistive level
and its corresponding tolerance range. If the target level ex-
ceeds the operational resistance range or is set within a narrow
margin that cannot accommodate the memristor’s instability,
the closed-loop programming process fails. The challenge
becomes more pronounced when considering device-to-device
variations, which exhibit substantial variations in terms of
operational resistance ranges, resistive sensitivity to voltages,
tolerable voltage amplitudes, and their intrinsic temporal
randomness. Therefore, it is imperative to characterise the
memristor’s multi-level capability before programming.
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Fig. 1: Non-idealities in memristor programming. (a) 1: The non-reproducible
level; 2: Relaxation; 3: Reading uncertainty; 4: Programming uncertainty. (b)
Legend. The legend applies to the subsequent plots in this paper.

@ ®) )
_100] _100] S +
S ‘ o e o © o o o g ‘ -
o o l
50¢ 500
2 2
> 0+ Tt T * @ T L N B ) ‘ > 0 T 1 T L S S ) l
N 1> 9] SEEB! |
0 8 10 0 2 4 6 8 10
Pulse Number Pulse Number
(©) T T 3 T T
_100 Tt
(¢] L -
= 1o}
~ o]
14 °
50 i
2 T
> 0+ | T T I L S S ) L N S Jr
| ‘ L S | ‘ |
0 2 4 12 14 16 18

8 10
Pulse Number

Fig. 2: A closed-loop pulsing scheme for memristor programming. The
memristor is programmed using incrementally increased voltage pulses until
its resistance falls within the desired region, after which read pulses are applied
to assess stability. (a) The resistance gradually enters the target region. (b) The
resistance overshoots the target range, requiring pulses of reversed polarity.
(c) Optimised scheme used in our work to prevent the states from finishing
at the region boundary. The resistance must cross the region median before
read pulses are applied.

This work proposes a characterisation methodology to
mitigate pragmatic non-idealities encountered in multi-level
memristor programming. The characterisation is initially im-
plemented in an experiment conducted on our TiOo memristor
[12]. The experiment identifies the operational memristor
region and determines the multiple resistive levels using a
predefined pulsing scheme, paving the way for subsequent
multi-level programming. Expanding upon the experiment, a
CMOS system is designed to automate both the multi-level
characterisation and programming. The system is adaptable
to device variations by providing sufficient voltage amplitude,
wide-range resistance readability, and reconfigurable pulsing
schemes. The rest of this paper is organised as follows:
Section II details the experimental operations and consid-
erations for multi-level programming. Section III provides
the information on designed circuits. Section IV presents the
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Fig. 3: Experiments of multi-level characterisation and multi-level programming. (a) The algorithm for our experiments. (b) Characterisation step 1:Determining
and verifying the operational resistance range. (c) Characterisation step 2: Experimentally demonstrating the attainment of 4 programmable levels. (d) Multi-
level programming. The memristor is sequentially programmed to levels “1”, “3” and “4”. After each finished programming, 1-hour retention measurement

is carried out to read the resistance every second.

TABLE I: Predefined closed-loop pulsing scheme

Voltage range +1.6V to £2V
. Voltage steps 4
Write —puTSe number 10 (50 for Z2V)
Pulse width 100 us
Voltage 0.5V
Read Pulse width 1ms
Number for stability 10

simulated results. Section V concludes this work.

II. EXPERIMENT

This section experimentally demonstrates the feasibility of

the multi-level characterisation and the subsequent multi-
level programming, using the instrument ArC ONE (ArC
Instruments, UK ') to manually generate pulses and read the
memristor state.

The objective of the multi-level characterisation is to deter-
mine multiple programmable resistance ranges under a prede-
fined closed-loop pulsing scheme (Table. I). As illustrated in
Fig. 3(a), it involves the sequential assessment of:

1) The responsiveness of the memristor to the predefined
maximum voltage.

The reprogrammability of the memristor’s operational
resistance range using the predefined pulsing scheme.
The number of programmable levels and the correspond-
ing resistance ranges.

2)

3)

Thttps://www.arc-instruments.co.uk/products/arc-one/

In this experiment, the programming is considered a failure
if either the state overshoots the target region twice (the
target region cannot accommodate variations) or the closed-
loop pulsing scheme is completed (the pulsing scheme is not
effective in programming the memristor).

The initial step in multi-level characterisation involves de-
termining the operational resistance range by applying bipolar
pulses with a maximum amplitude 2 V. As seen in Fig. 3(b),
achieving high and low resistive states is accomplished through
50 program pulses, followed by 50 read pulses to establish the
upper and lower boundaries. Ensuring the reproducibility of
states within the operational region is crucial. This requires
programming the memristor to a stable level outside the
boundaries.

The second step determines the ranges of multiple levels to
accommodate the memristor randomness and relaxation. The
experimental process of 4-level programming is illustrated in
Fig. 3(c), where the entire operational region is evenly divided
into four sub-regions. Feasibility is assessed by programming
the memristor to each sub-region using the predefined pulsing
scheme. If the state approaches the target sub-range and
remains steady, the sub-range is confirmed as a programmable
level. If the programming fails, the sub-range is deemed non-
programmable and is merged with the higher sub-range in
the next iteration. In the given example, 4-level capability is
confirmed.

Once the memristor is characterised, it is ready for multi-
level programming. In our experiment, the memristor is se-
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Fig. 4: System overview of the mixed-signal CMOS circuit.

quentially programmed to levels “17, “3” and “4”, as illustrated
in Fig. 3(d). The initiation of pulse polarity depends on the cur-
rent state and the target level. With pulses featuring increased
amplitudes, the state is progressively programmed to the target
level and stabilises near the level median. To provide additional
insight into the non-volatility of the measured memristor, a 1-
hour retention test is conducted on the programmed memristor,
and the results are shown in Fig. 3(d).

III. CIRCUIT DESIGN

Memristors have exhibited greater compatibility with
CMOS circuits [13], [14], functioning as dot-product proces-
sors [15]-[17] or reconfigurable analogue units [18]. These
applications demand on-chip memristor programming facili-
tated with high-precision and low-power peripheral circuits.
Building upon the experimental methodology, a mixed-signal
CMOS programming system is designed that enables auto-
matic multi-level characterisation and programming.

The system overview is depicted in Fig. 4. A digital
controller provides a fully digital interface and executes user-
triggered functions. A digital-to-analogue converter (DAC)
generates voltage pulses based on the predefined closed-loop
pulsing scheme for either programming or reading the memris-
tor. The read circuits, comprising a resistor bank, an amplifier,
and an analogue-to-digital converter (ADC), transform the
current through the memristor into an appropriate voltage
amplitude for digitisation. The system allows reconfiguration
of parameters in the pulsing scheme, such as pulse amplitudes
and pulse numbers. Significantly, adequate pulsing is achieved
by directly applying voltage potentials to both memristor ter-
minals using switched connections, and a wide-range readout
under low read voltage (< 200mV) is achieved by adjusting
the resistor bank. Although the system is demonstrated with
only one single memristor for presentation simplicity, it is also
adaptable for a memristor crossbar with minor adjustments.

The system offers the following functions:

1) Manual Pulsing and Reading: Users can manually pulse
or read the measured memristor.

2) Multi-level Characterisation: Users can specify the de-
sired number of resistive levels for achievement. The
characterisation process can output the number of pro-
grammable levels and automatically determine their cor-
responding resistance ranges.

(b)

70 | —Measurement (cycle 1)
Measurement (cycle 2)
—Model

50 100 150 200 250 300 350 400 450 500
Pulse Number

Fig. 5: The stochastic memristor model used in the simulation. (a) The training
data consists of 50 iterations, with each colour representing an iteration. The
memristor is programmed to a low/high state before positive/negative pulses
with different amplitudes (1.3 V to £1.9V with 0.1V increment, 100 us
pulse width) are applied. (b) The simulated model result is tested by two
cycles of experimental data randomly selected, under bipolar pulses (£1.4V
to £1.8V with 0.1V increment, 100 ps pulse width).

3) Automatic Programming and Reading: Upon receiving
the command, the circuit can automatically program the
memristor to the required resistive level or read back its
resistance.

4) Error Signals: The executed function is promptly halted
by an error signal identifying the encountered problem.

The important circuits are introduced as follows:

1) Digital controller: Primarily composed of finite-state
machines, the digital controller implements user-triggered
functions until completion or an error occurs. When the state
is idle, no voltage is applied to the memristor.

2) Timing cells: Comprising simple logical gates and delay
circuits, the timing cells ensure sequential switch pair opera-
tions—turning off one pair before another turns on. Therefore,
it awaits DAC output stabilised before connecting it to the
memristor to avoid unexpected voltage on the memristor. For
memristor digitisation, the sampling clock for ADC is delayed
after the turn-on of “S3”, leaving enough time for ADC
sampling.

3) DAC: The 8-bit R-2R DAC generates voltage from
50mV to 4.9V for a wide-range resistive load (2k€2 to 5M Q).

4) CMOS switches: Four pairs of CMOS switches control
the memristor connections.

5) Resistor bank [19]: Offering five NMOS resistors rang-
ing from around 0.4kQ) to 4M$) to provide improved read
linearity. The resistor bank facilitates current-to-voltage con-
version during the read stage, ensuring the selected NMOS
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Fig. 6: Simulated results for 4-level programming. The user commands are
sequentially implemented: a characterise command is followed by 3 pairs
of write/read commands. The resistance response (upper) to the voltage
difference across the memristor (middle), and the registered data (lower). The
lower figure provides details about the finite-state machine’s status, the oper-
ational region defined by upper/lower boundaries, the target resistance range
(including boundaries and median), the signal of a finished programming, the
characterised programmable levels, and the write/read data.

resistor allows the converted voltage to be amplified to the
ADC input range.

6) ADC: The 12-bit SAR ADC based on charge redistribu-
tion operates with a sampling frequency of 250kSPS and an
input range of 0.1V to 1.7V.

7) Memristor: In practical application, the memristor can
either be internally integrated above the CMOS [14] or ex-
ternally connected. For simulation purposes, a data-driven
stochastic Verilog-A memristor model is used in this work
to provide temporal stochasticity. The model is trained by the
measured data in Fig. 5(a) and its performance is compared
with two randomly selected experimental data sets under the
same stimuli in Fig. 5(b). As a result, both the overall trend
and the temporal variation of the model’s resistance trajectory
are highly consistent with those in the experimental data.

IV. RESULTS

A post-layout simulation of 4-level programming is shown
in Fig. 6. The initially idle system is triggered by user
commands to execute characterisation, writing, and reading
functions. Each function runs to completion and returns the
system to the idle state. During the characterisation, the
operational range (714-571) and four programmable levels
(714-679, 679-644, 644-609, and 609-574) are determined.
It should be noticed here that the digits represent memristor
conductance rather than resistance. During the following three
consecutive write/read functions, the state transitions to the
target levels “0”, “2”, and “3” and stabilises near the level
median.

Fig. 7 reveals the maximum multi-level capability when
the system is given a task of 17-level programming. During
the characterisation, only 8 levels are achieved due to the
memristor’s variations. Expanding the operational region with
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Fig. 7: Simulated results for investigating multi-level capability reveal the
attainment of 8 levels from 17 divided sub-regions.

TABLE II: Comparison to other work

Features This work [ [10] [ [1T [ [11] [ [20] | [21]
Range determination | Empirical - Predefined
Closed-loop method Yes No No | Yes No No

Temporal variation Yes No No | No No No
Spatial variation Yes No No | Yes Yes No
Error identification Yes No No No No No

higher voltage may enhance the multi-level capability but
poses a greater risk of damaging the device.

Compared to other programming systems as outlined in
Table. II, this system has advantages in effectively addressing
temporal memristor randomness and device-to-device vari-
ations, facilitated by experimentally determining the mem-
ristor’s resistive ranges. The fully digital user interface and
the applied closed-loop pulsing schemes make our system a
promising and practical approach for memristor programming.

V. CONCLUSION

This paper starts with a multi-level characterisation method-
ology that experimentally sweeps the memristor’s operational
resistance ranges and determines the multiple resistive levels
to address practical programming issues, such as programming
uncertainty, memristor intrinsic randomness and short-time
relaxation, rendering it ready for multi-level programming. To
automate the experimental process and enhance its adaptability
to different memristor devices, a CMOS programming system
focusing on multi-level programming is introduced. The sys-
tem offers a user-friendly interface for entering commands and
accessing the operation results. To validate the effectiveness
of the variation-sensitive algorithm employed in the system,
a stochastic compact model is used in our simulation. The
simulated results vividly showcase the execution of various
system functions, particularly exploring the memristor’s multi-
level capability.
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