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In many communication and signal routing applications, it is desirable to have a programmable analog filter. Ac-
cording to this practical demand, we consider the titanium oxide memristor, which is a kind of nano-scale electron device
with low power dissipation and nonvolatile memory. Such characteristics could be suitable for designing the desired filter.
However, both the non-analytical relation between the memristance and the charges that pass through it, and the changeable
VI characteristics in physical tests make it difficult to accurately set the memristance to the target value. In this paper, the
conductive mechanism of the memristor is analyzed, a method of continuously programming the memristance is proposed
and simulated in a simulation program with integrated circuit emphasis, and its feasibility and compatibility, both in simu-
lations and physical realizations, are demonstrated. This method is then utilized in a first-order active filter as an example to
show its applications in programmable filters. This work also provides a practical tool for utilizing memristors as resistance

programmable devices.
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1. Introduction

Since the research and development of traditional elec-
tronic devices are gradually moving towards maturity, there
is an urgent need for new techniques and materials for the
higher performances of modern circuits, in terms of faster
speed, lower power dissipation and cost, smaller geometric
size, higher accuracy and reliability, etc. To realize these re-
quirements, nano-electronics is the best option.[!! The tita-
nium oxide memristor is a kind of typical nano-scale electron
device with great proven potential in areas such as resistive
random access memory (RRAM),[Z] cellular neural networks
(CNNs), B! digital logical operation,!* programmable analog
applications,®! and chaotic circuit analysis,®”! and will be
widely utilized in the near future.

The memristor was first predicted as a basic circuit el-
ement by Chua in 1971.18] It is defined by the relation be-
tween the charge quantity ¢(¢) and magnetic flux ¢(¢), and
one of its theoretical characteristics is that it can remember
the last state after the outer electrical bias has been cut off.
Chua and Kang!®! later extended the memristor concept to a
broader memristive system. In 2008 the first nano-scale tita-
nium oxide memristor with a metal/oxide/metal structure was
fabricated in a HP laboratory.!'?! Since then, research around
the characteristics, simulations, and applications of memris-
tors have become hot issues in circuit research. Song et al.!'!]
studied the basic properties and applications of the memristor

DOI: 10.1088/1674-1056/22/8/088501

circuit. Zhang et al.!'?! looked at the mathematical model and
the properties of memristors with border constraint, whereas
Bao et al.!"3] investigated the initial state-dependent dynami-
cal behaviors of the memristor-based chaotic circuit and tran-
sient chaos in a smooth memristor oscillator.!!#!

In many communication and signal routing applications,
such as material identification, it is desirable to have an ana-
log filter. This should be composed of more than one sin-
gle filter that only signals in a certain frequency range may
pass through.!'>) Moreover, the analog filter should have a
small geometric size, dissipate a low amount of power, and
be easily programmable. The nano-scale memristor has non-
volatile memory, and works at low current and low voltage,
thus consuming a small amount of energy. Moreover, for
memristive memory cells, the switching time can be in the sub-
nanosecond range.[!% All the characteristics mentioned above
make the memristor a potential candidate for realizing the de-
sired programmable analog filter. However, there has been no
detailed realization of such circuits in the existing research.
Moreover, the nonlinear relations between the model variables
and changeable conductive characteristics in real experimental
tests block the simulations and applications of the memristor
as a resistance-programmable device.

By using the memristive properties of vanadium dioxide,
Driscoll et al.!'”! experimentally demonstrated an adaptive fil-
ter by placing a memristor into an LC contour. They found that
this circuit reacts to the application of select frequency signals
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by sharpening the quality factor of its resonant response, and
thus “learns” according to the input waveform. Strachan et
al.'"3) proposed a programmable analog filter that includes a
crossbar array with a number of memristive junction elements.
The research in Ref. [18] shows the passive filter characteris-
tics in an RC circuit using a piecewise linear model. Fang
et al.'") proposed simulation program with integrated circuit
emphasis (SPICE) modeling memristors with multilevel resis-
tance states based on memristance versus a state map. How-
ever, there has been no detailed realization of memristor-based
programmable filters that can be accurately controlled by set-
ting the memristance to target values.

In this paper, compared with the physical experimental
V—I results, the conductive mechanism of the memristor is an-
alyzed and a voltage comparator-based memristance program-
ming and reading circuit, which is feasible and compatible
both in the model and in practical realizations, is designed.
It is then tested in a first-order active filter as an example to
demonstrate the application of the proposed circuit. The work
also provides a method of continuously and accurately setting
the memristance in practice.

2. The conductive mechanism of the titanium
oxide memristor

Theoretically, the memristor can remember its history in
terms of memristance M(q). It can be described with magnetic
flux @(¢) and charge quantity ¢(¢) as follows:

for a charge-controlled memristor

¢ = f(q), 6]

for a flux-controlled memristor

q=f(0). (2)

If we take the charge-controlled memristor as an example,
we could differentiate Eq. (1) and obtain

do  df(g) dg

dt ~ dg dr’ )

According to the definitions of @(¢) and ¢(¢), we could
transform Eq. (3) into

V(1) = M(q)i(t), @)

where v(¢) is the externally applied voltage. It is obvious that
M(q) is in units of Ohm and could be regarded as the transient
resistance. In Eq. (4), the memristance depends on the charge
quantity ¢(z) that passes through the memristor. The charge
quantity ¢(z) is the time integral of current i(), and records
the history of the device, therefore, the memristor can remem-
ber its state.

One typical titanium oxide memristor mainly consists of
four parts: top and bottom platinum electrodes (TE and BE);
one layer of titanium oxide with oxygen vacancies, which is
regarded as the doped layer (DL) with dopants; and another
layer of stoichiometric titanium oxide, meaning that the ra-
tio of oxygen to titanium is perfectly stoichiometric at exactly
two to one,?%! and is regarded as the undoped layer (UDL) as
shown in Fig. 1.

DL

(a) (b)
Fig. 1. (color online) The schematic structure and circuit symbol of a
titanium oxide memristor, showing (a) the device structure and (b) the
circuit symbol.

The microscopic nature of resistance switching and
charge transport in memristive devices is still under debate, but
one proposal is that the hysteresis requires some sort of atomic
rearrangement that modulates the electronic current.['% On
the basis of this proposition and the physical experiments in
Ref. [21], the HP laboratory explained the working principle
of the memristor using the dopant drift mechanism.

2.1. Dopant drift-based mechanism

As shown in Fig. 1(a), the UDL consists of stoichiomet-
ric titanium oxide (TiO;), and the ratio of oxygen to titanium
is 2:1. In the UDL, each titanium atom corresponds to two
oxygen atoms and a stable electrovalent bond forms between
them. There are hardly any free charged ions moving in the
inner part of the UDL, as shown in Fig. 2(a), thus this could
be regarded as an insulator.

By contrast, the DL consists of titanium oxide that is
missing a certain percentage of oxygen (TiO,_x). The pro-
portion of missing oxygen can be controlled in the process of
oxidation reaction by adding different oxygen flows to the ti-
tanium target. The missing oxygen atoms form vacancies that
are not stable and could easily transfer between the adjacent
titanium atoms. The vacancies will move in the same direc-
tion when an outer voltage v(¢) is applied to the DL, as shown
in Figs. 2(b)-2(d). The hollow circles represent the oxygen
vacancies that could be regarded as +2 charge dopants. They
can greatly improve the electrical conductivity of the titanium
oxide, and thus TiO,_x has a much lower resistance than TiO,
with the same geometric structure. The up and down arrows
represent the moving directions of the oxygen atoms and oxy-
gen vacancies, respectively.
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Fig. 2. (color online) The schematic structures of (a) the UDL and ((b)—(d)) the DL of the memristor and the responses to the outer

voltage bias.

Since the oxygen vacancies catch positive charges that
will move towards the negative polarity of the outer electri-
cal field when v(¢) is applied to the memristor, part of the
stoichiometric titanium oxide therefore begins to be mixed
with oxygen vacancies, and thus the width of DL increases
and the boundary between the two layers drifts downwards, as
shown in Fig. 3(a). w(¢) and D are the width of the DL and
the whole titanium oxide, respectively. On the contrary, fig-
ure 3(b) shows the reversed process. Theoretically, the bound-
ary could move to the end of the device, which is demonstrated
in Figs. 3(c) and 3(d).

The boundary stops moving when v(¢) has been cut off
and remains stable until the next outer bias is connected to the
memristor; thus it has non-volatile memory.

The resistance of a given material R depends on the length
1, the cross-sectional area s, and the electrical resistivity p. It
could be expressed as follows:

/
R=p-. )
s

It is obvious that R is proportional to [ once the material
type and cross section are fixed. On the basis of the dopant
drift mechanism, one memristor could be regarded as two vari-
able resistors connected in series, and the equivalent circuit is
shown in Fig. 4.

According to Ohm’s law:

RpL = RON%v (6)
RupL = RoFr ( - Wl()t)) ) @)
V(l) = (RDL +RUDL)i<l). (8)

For the simplest case of Ohmic electronic conduction and
linear ionic drift in a uniform field with average ion mobility
Uy, it is found that!'0]

dw(r)
dr

:.uvji(t)' ©

Let the initial value of w(¢) be wp, and the combination
of Egs. (8) and (9) yields an analytical relation between M(q)
and ¢(t), as presented as follows:

M(q) = (%RON+ (1_%>ROFF)
q(t)

— —~*(Rorr — Ron)

Qo 7

where Qp = D?/(uyRon) is a constant. Such a relation is con-

sistent with the theoretical definition of the memristor that is
discussed in Eq. (4).

In nanoscale devices, small voltages can yield enormous

(10)

electric fields, which in turn can produce significant nonlinear-
ities in ionic transport.!'9 Linear dopant drift is a kind of ideal
conductive mechanism that excludes the significant nonlinear-
ity in ionic transport and only gives a fundamental explanation
of the conductive behavior of the memristor. The real case is
where the inner electrical field causes the boundary to drift
nonlinearly. By adding window functions, such as,

Fiwy = "0, an
and )
nm:1f@%f0p (12)
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Fig. 3. (color online) The memristance changes as the boundary between the two layers drifts. Panel (a) shows that the positive outer bias drives the boundary
downwards, panel (b) indicates that the negative outer bias drives the boundary upwards, panel (c) shows that the memristance equals Rox when w(z) = D,

and panel (d) displays that the memristance equals Ropp when w(t) = 0.
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Fig. 4. (color online) The equivalent circuit of a memristor in the case
of dopant drift.

to the velocity of the boundary drift, nonlinear dopant drift

could be represented by
dw(t Ron .
80 _ i,
In this case, the combination of Egs. (8), (11), and (13)

or Egs. (8), (12), and (13) can no longer yield an analytical re-

13)

lation between M(g) and g(¢). The simulation result is shown
in Fig. 5(a). However, the experimental results could be much
more complex. As shown in Fig. 5(b), the single memristor V-
I curve indicates that asymmetrical and non-ideal conductive
behaviors may exist. This can no longer be described accu-
rately by an analytical relation, but approximately by a win-
dow function. In Fig. 5(c), a set of VI curves are the test
results of the same memristor under identical conditions, but
they do not coincide with each other. A similar phenomenon
appears in the results shown in Fig. 5(d), so it is not a casual

case.

2.2. The tunnel barrier-based mechanism

According to the experimental results in Ref. [22], Yang
et al.”?! proposed another explanation to describe the con-

ductive behaviors of titanium oxide memristors. As shown
in Fig. 6(a), a thin film of titanium dioxide (TiO;) is sand-
wiched between two platinum electrodes (BE and TE). After
an electroforming process,'?*! which is a type of method that
produces oxygen vacancies and improves the electrical con-
ductivity, TiO,_x are formed, which results in a highly con-
ductive channel that shunts most of the oxide film except for a
narrow tunnel barrier. The tunnel barrier width can be modu-
lated by applying a voltage across the memristor.

In this case, the tunnel barrier plays a major role in de-
termining the conductive behavior of the memristor; its width
is time-varying and has been modelled according to the Sim-
mons [-V expression for a rectangular barrier in Ref. [22].

Although some physical mechanisms, such as dopant
drift and a tunnel barrier, have been proposed to explain the
conductive characteristics of the memristor, there is still the
question of which one or ones are the main factors. It is pos-
sible and reasonable that several different mechanisms may
co-exist and work together, and different mechanisms could
be dominant in different material systems. >

Theoretically, nonlinear dopant drift and the tunnel bar-
rier mechanism are useful for explaining the conductive be-
haviors and designing memristor-based applications, but there
have been no analytical relations between M(g) and ¢(¢) in
these cases. Moreover, it is hard to accurately set M(g) to
any target values by utilizing the theoretical characteristics in
physical realizations since a memristor may become unstable
in the repeating loops. Therefore, a method of accurately con-
trolling the memristance is desirable both in the circuit simu-

lations and the real applications.
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Fig. 5. (color online) The simulation results and experimental data of titanium oxide memristors with nonlinear dopant drift. Panel (a) shows the simulation
results of the memristor with nonlinear dopant drift published in Ref. [10], and panels (b)—(d) display the experimental V—I curves of the memristors

published in Refs. [21], [23], and [24], respectively.
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Fig. 6. (color online) Schematic diagram of the electroforming process for (a) the memristor before electroforming and (b) the memristor after electroforming.

3. Continuous memristance programming

A method to utilize the memristor as a multilevel memory
was proposed in Ref. [25] and provides a useful way to change
the memristance. The programming of the memristance is per-
formed by applying additional current pulses to the memristor
in the appropriate directions until the voltage of the memristor
equals that of the selected node voltage in the resistance array.
However, since the number of resistors in the resistance array
is limited, the memristance cannot be changed continuously,
only finite values can be selected. Moreover, once the struc-
ture of a resistance array is fixed, it is lacking in flexibility and
hard to change. Compared with the above-mentioned method,
a circuit for continuous memristance programming and read-

ing is proposed and simulated in SPICE.

3.1. A basic circuit for memristance programming and
reading

Though the conductive mechanism and non-analytical re-
lation of memristors are complex, the memristance can be
changed continuously. This is difficult to be directly tested
and modified, so we adopt another method by measuring the
node voltage in a simple circuit, which is much more feasible.
Based on such a consideration, a basic circuit for program-
ming and reading the memristance is proposed and shown in
Fig. 7(a), where V(¢) is an input voltage connected at node ‘a’,
which could be the programming signal or the reading one.
Vief(7) is the output voltage at node ‘b’, and node ‘c’ is con-
nected to the ground.

According to Ohm’s law, we have

V(t) = (M(q) +Rref)i(t)a
Vief(t) = Ryeri(t).

(14)
as)
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The combination of Egs. (14) and (15) leads to a one-to-
one relation between M(q) and Ve (?)

M(q) = Reet (VV;E?) - 1> : (16)

According to Eqgs. (9) and (13), the increase or decrease
in the memristance depends on the polarity of the outer bias,
so we utilize a positive voltage (PV) and a negative voltage
(NV) as the programming signals, as shown in Fig. 7(b). Both
of these have an amplitude of vy. Programming is performed
by applying PV or NV to the circuit. The reading voltage (RV)
has a much smaller amplitude v;, v; < vg, since the weak sig-
nals hardly change the memristance. Besides, the RV consists
of a positive and negative pulse with the same amplitude, and
thus the influences on the memristance cancel each other out.
Reading is performed by applying RV to the circuit.

memristor

i(t) V, —  positive voltage
. (PV)
-

Vit node ‘b’ t
negative voltage
0 0 (NV)
Wt .
node ‘c’ Vi reading voltage
‘ t (RV)
< -V, -
(a) (b)

Fig. 7. (color online) The basic circuit for programming and reading
the memristance of a memristor. Panel (a) shows the basic circuit, and
panel (b) displays the programming and reading signals.

The proposed basic circuit is simulated in SPICE and the
results are given in Fig. 8. The simulation time span 7 =1 s
and maximum time step A7 = 1 ms. The values for the pa-
rameters of the memristor in the simulations are as follows:
py =107 m?.V=1.871 Ron = 100 Q, Ropr = 5 kQ, and
D = 10 nm, which are consistent with those already published
in Ref. [10]. Rr = 1 kQ. We adopt dopant drift-based the-
ory as the conductive mechanism and Eq. (11) as the window
function that defines the conductive behavior of the memristor.
The version of our SPICE is PSPICE Plugin 10.5.0.a001.

In the case of dopant drift-based conductive processes, the
simulation results shown in Fig. 8 prove the feasibility of the
proposed basic circuit. The memristance could change con-
tinuously to any target values within the range of (Ron, Rorr),
since the memristance has a one-to-one relation to Vie(#) in the
basic circuit. In the case of reading, a small voltage amplitude
induces the memristance to change from 2550 Q to 2546.5 Q,
which is a negligible difference, and it comes back to the ini-
tial value after reading has finished. Thus, RV is suitable for
memristance detection.
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Fig. 8. (color online) The simulation results of the basic circuit for
programming and reading the memristance. Panel (a) shows the posi-
tive memristance programming wo = 0.1 nm, V() = 5.0 V, panel (b)
displays the negative memristance programming wo = 9.9 nm, V(1) =
—5.0 V, and panel (c) exhibits the memristance reading wy = 5.0 nm.
V(r) is a voltage with a positive pulse followed by a negative one with
the same amplitude and time span.

3.2. The continuous memristance programming circuit

Since the memristance has a one-to-one relation to the
reference voltage Vir in the basic circuit designed in Fig. 7,
the memristance could be set to target value by controlling
Veet(t), which is relatively feasible and simple. Based on such
a consideration, a voltage comparator-based memristance pro-
gramming and reading circuit is proposed and shown in Fig. 9.

The reference voltage is an indicator of the memristance,
so a feedback circuit is needed for the real-time detection of
the reference voltage and to provide control signals to be-
gin or stop the programming process. An operational ampli-
fier (OPAMP) and a voltage-controlled analog switch Sy are
adopted as the feedback circuit part.

Let the absolute value of the output voltage of the open-
loop OPAMP be Vy,, then the relation between input Vi, Vin—,
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and output Vi, will be as follows:

Vm7 (VinJr > vin*)?
Vout = _Vma (Vin+ < Vin7)7 (17)
07 (VinJr = Vinf)-

There are two inputs (nodes ‘3’ and ‘4’) and two outputs
(nodes ‘1’ and ‘2’) in S.1. The voltage between nodes ‘3’ and
‘4’ is the control signal, and the circuit between nodes ‘1’ and
‘2’ is the switch part. The resistance between nodes ‘1’ and ‘2’
is denoted by Rg. If the switch is on, Rg equals a rather low
resistance Ry, otherwise, Rg equals a much higher one, Ry. If
we suppose that the threshold voltage is Vy,, then we will have

(V(3,4) > Vin),

RS — { RL,
Ry, (V(3,4) <Va).
The working process of the designed circuit is as follows.
S is a switch that can select node ‘b’ or ‘c’. Once node ‘b’ is

(18)

connected, the circuit is in the programming mode, the input
voltage V(¢) provides PV or NV for the memristor, and Vi,
gradually increases or decreases as V (¢) is applied to the mem-
ristor. Vier(¢) is pre-defined as the required value according to
Eq. (17) so that Vo reaches zero when Vi, (1) equals V(7).
At the same time, S is closed and the programming voltage
is cut off, so the memristance will remain unchanged. Once
node ‘c’ is connected, the circuit is in a reading mode, and
V(t) provides RV for the memristor. The memristance will
remain unchanged and be read out as Vj,_, which guides the
programming in turn.

A ’l(t)

Fig. 9. (color online) A voltage comparator-based memristance pro-
gramming and reading circuit.

The memristance programming processes are simulated
in SPICE to prove the feasibility and accuracy of the proposed
circuit. The target memristance values are set to be 0.5 kQ
and 3 kQ in the positive and negative programming modes,
respectively. The values for the parameters in the simulations
are as follows: time span 7 = 100 ms, maximum time step
AT =10pus, Vip =0V, Viu =15V, Rer = 1 kQ, R, =1 Q, and
Ry =1 MQ. The dopant drift-based mechanism is adopted
and the parameter values of the memristor are the same as
those used in the basic circuit simulations.
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We simulated four cases of memristance programming
and give the results in Figs. 10-13. In each simulation, three
different initial values of the DL width are adopted for compar-
ison. The memristance is successfully set to be the pre-defined
values, but the times consumed are not the same. Tables 1-4
show the variations in memristance (AM) between the initial
and target value with the time consumed for programming in
each simulation. In the case of the same input voltage, the
analysis shows that it takes a shorter time for the memristance
to change to the target value when the difference between the
initial DL width and the target one is smaller, and vice versa.
In another case of the same initial DL width, we conclude that
it takes longer for a lower V(¢) to achieve programming and
vice versa. All the parameters adopted in the simulations are
consistent with those already published, and the results prove
the feasibility and accuracy of the designed circuit.
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Fig. 12. (color online) The simulation results of memristance program-
ming using NV, V() = =20 V, Vier = —5 V. Panel (a) shows the mem-
ristances varying with time, and panel (b) displays the voltages at node
‘in-’ changing with time.

In the case of practical applications of memristors, the
non-ideal V-I characteristics of memristors are a group of
similar curves that may not coincide with each other, which
increases the degree of difficulty for memristance program-
ming. Moreover, there have been no accurate models that sim-
ulate the complex conductive behaviors of physical memris-
tors. However, the proposed method could be valid in such
cases, since it avoids dealing directly with non-ideal or non-
analytical relations between the memristance and outer bias

either in real memristors or in models, but utilizes a relatively
easy to control memristance programming circuit instead.
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Fig. 13. (color online) The simulation results of memristance program-
ming using NV, V(1) = =30V, Vies = —7.5 V. Panel (a) shows the mem-
ristances varying with time, and panel (b) exhibits the voltages at node
‘in-" varying with time.

Table 1. The time consumed in the simulations in Fig. 10.

wo=1.0nm wy=2.0nm wy=3.0nm
AMIQ 4010 4020 3530
Time/ms 88.2 64.5 50.2

Table 2. The time consumed in the simulations in Fig. 11.

wop=10nm wp=20nm wy=23.0nm
AM/Q 4010 4020 3530
Time/ms 58.8 43.0 33.5

Table 3. The time consumed in the simulations in Fig. 12.

wo=9.0nm wyp=80nm wy=7.0nm
AM/Q 2410 1920 1430
Time/ms 37.1 28.9 22.0

Table 4. The time consumed in the simulations in Fig. 13.

wp=9.0nm wp=80nm wy=7.0nm
AM/Q 2410 1920 1430
Time/ms 24.7 19.3 14.7

4. Memristor-based programmable analog fil-
ters

Analog filters are basic building blocks of signal pro-
cessing, and widely used in electronics. Traditional analog
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filters have unchangeable parameters and characteristics once
the circuit structure is fixed, which restricts many applications,
such as material identifications that need a frequent change in
the filter frequency. By utilizing the programming circuit de-
signed in this paper, such a problem is solved. The memris-
tance of a memristor could be changed to any desired values in
the range between Ron and Ropr. We use such a part as a con-
trollable resistance in analog filters and change the parameters,
such as cutoff frequency, by programming the memristance.
An example of a memristor-based programmable analog filter
is given in Fig. 14.

R, R,

Fig. 14. (color online) An example of a memristor-based programmable
high-pass filter.

The example filter shown in Fig. 14 consists of a typical
first-order RC active filter, where the resistor is replaced by
a memristance programming circuit. The filter is in the pro-
gramming mode when switch S; is connected to node ‘e’ and
S, is connected to node ‘c’. In this case, several memristors
form an array for the purpose of broadening the range of its
memristance, and the number N of the memristors depends on
the practical need. Theoretically, the memristance range of
such an array could be extended to the range between NRon
and NRopp. Therefore, the cutoff frequency fc of the filter
shown in Fig. 14 will be in a range as follows:

1 1
< < .
27C(Rref + NROFF)C fC 27T(Rref + NRON)C

19)

The filter is in the reading mode when S; is connected to
node ‘e’ and S; is connected to node ‘b’. In this case, V (¢) pro-
vides the memristor array with reading signals, and the voltage
at node ‘f’ indicates the resistance of the memristor array ac-
cording to Eq. (16).

The circuit is in the filtering mode when S; is connected
to node ‘d’. In this case the series circuit, which consists of
R.ef and the memristor array, is equivalent to a resistor, since
the input signals of the filter do not change the memristance

of the memristor array. Theoretically, we simulate the exam-
ple filter in cases of N =1 and N = 10 in SPICE and give the
results in Figs. 15 and 16, respectively. The parameters of the
simulations are as follows: Ry =1 kQ, Ry =1 Q, Ref = 1 kQ,
and C = 1 nF. The other parameters are the same as those used
in Figs. 10-13.

100 _",' — memristance = Ropr |
- r - -- memristance = Roy
1 1 1 1 1 1
10° 10 10° 10° 10° 10° 10° 10
Frequency/Hz

Fig. 15. (color online) Bode diagram of the example filter for the N = 1
case.

Vour/V

—100F —— memristance =10 Ropp _

=== memristance = 10 Roy

Frequency/Hz

Fig. 16. (color online) Bode diagram of the example filter for the N = 10
case.

The simulation results demonstrate that by programming
the memristance of the memristor array, the example filter cir-
cuit can accurately modify the amplitude—frequency character-
istics without needing to change the structure of the circuit. It
also has an adjustable pass-band range by setting the number
of memristors in the filter. Moreover, the non-volatile memory
of the memristors results in stable performance without the
need for any reprogramming after the circuit restarts. Such a
memristor-based circuit meets the requirements of the desired
filter. The application of the memristance programming cir-
cuit is not limited to the example filter, it is applicable for any
case where memristors are needed as resistance programmable
devices.

5. Conclusions

The non-analytical relation between memristance and the
charges that pass through a memristor in circuit simulations
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and changeable V-I characteristics in physical tests of mem-
ristors block the applications where there is a requirement to
accurately set the memristance to target values, such as in
memristor-based programmable analog filters. To meet such a
requirement, a memristance programmable circuit is proposed
and simulated in SPICE to prove its feasibility. It is then tested
in a first-order active filter as an example to demonstrate the
principles of the designed circuit. Our work provides a prac-
tical method of designing programmable analog filters with
memristors. It could also be utilized in applications where
memristors are needed as multi-level resistance devices.
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