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ABSTRACT

Memristors are electronic devices, which are widely used in neuromorphic circuit design, because they exhibit some superior properties such as memory 
and nonlinear behavior. Previous nonvolatile memristor-based associative learning, which is a type of learning mechanism using circuits, has not taken 
into account the time interval between neutral stimulus and its effect on the circuit, after a long time-lapse. In this paper, a volatile memristor is used 
instead of a fully nonvolatile memristor in an effort to provide the sensitivity required for the time interval between applied pulses. Also, compared with 
previous studies, the response of the volatile memristor-based circuit is sensitive to additional input applied pulses. All simulations presented in this work 
were successfully carried out.
Keywords: Memristor, volatile, associative learning

Introduction 

Memory-resistor (i.e., memristor), is a fourth generation passive circuit component, which 
provides the linkage between flux and charge. This new circuit component exhibits pinched 
hysteresis voltage-current relationship, when a sinusoidal signal is applied. It also exhibits the 
nonvolatile memory effect and its memristance depends on the applied signal direction [1, 
2]. The memristance decreases, when a current flows in the forward direction, and increases, 
when a current flows in the reverse direction. In 2008, Stanley Williams and coworkers from 
Hewlett-Packard Company announced the physical implementation of a memristor using a 
TiO2 sandwich structure [3]. After the fabrication of memristor [3], many memristor models/
emulators were developed by researchers [4-12] to deal with its fabrication difficulties. Each 
emulator has its own advantages compared to other emulators. 

Memristors can be used in various applications, such as neuromorphic electronics, and pro-
vide significant advantages. Associative learning, which is a type of important learning ac-
tivity, is a classic conditioning process. Pavlov’s Dog experiment can be used as an example 
to understand the learning mechanism. Some researchers have designed memristor-based 
associative learning circuits in an effort to demonstrate the Pavlovian conditioning process 
[13-16]. However, some very important associative learning mechanism properties were not 
taken into account, when using these circuits. These are: 1.The response of the circuit remains 
active even after a long time has elapsed. However, time has a direct effect on Pavlov’s Dog sal-
ivation and therefore, the circuit should not give any response. 2. After the learning of Pavlov’s 
Dog behavior, salivation starts to decrease, when the applied sequential signals “lack food.” 
To overcome these two problems, an electronically controllable volatile memristor was used 
instead of the nonvolatile memristor in an effort to obtain a circuit response close to the real 
associate learning mechanism.

In this paper, a volatile memristor-based associative learning circuit was implemented. Com-
pared with previous studies the circuit response is very close to the real learning mechanism. 
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The time-lapse and many ring pulses “lack food” after the learn-
ing mechanism is removed or the learning process is reduced. 
Previous studies do not take into account these two important 
properties. The problem can be solved using a volatile mem-
ristor and by controlling its volatility property. All simulations 
were successfully performed using TSMC CMOS (Taiwan Semi-
conductor Manufacturing Co., Hsinchu, Taiwan,) 0.18 µm pro-
cess parameters. 

Memristor Circuit Emulator 
The memristor circuit emulator used in this work is shown in 
Figure 1. This emulator has been designed by Babacan et al. 
[11]. The designed circuit exhibits floating and nonvolatile 
characteristics. The memristor consists of one multi-output Op-
erational Transconductance Amplifier (OTA), two resistors, and 
one capacitor. The capacitor provides the volatile characteris-
tics of the circuit. Since memristors are nonlinear circuit com-

ponets, a multiplier was used to provide the nonlinear behavior 
of the memristor. In this way, the voltages on the capacitor and 
resistor are multiplied and connected to the negative terminal 
of the OTA. The resistor, which is connected to the other output 
terminal of the OTA, controls the memristance variation range. 
Another resistor was attached to the capacitor, which was con-
nected to the output terminal of the OTA. This resistor was used 
in the circuit to convert the nonvolatile memristor to a volatile 
one. If the charging mechanism of the circuit can be controlled, 
the volatility of the memristor can also be controlled.

The pinched hysteresis voltage-current relationship, which 
is the key feature of volatile memristors, is shown in Figure 
2a. Here, the amplitude of the applied voltage is 1V and the 
frequency is 1 kHz. In Figure 2b, the memristance variation is 
shown for 100 Hz, 1V pulses. The memristance increases during 
pulses and starts to decrease between pulses. 

Associative Learning using a Volatile Memristor 
Associative learning is a type of learning activity. The famous 
Pavlov’s Dog experiment can help to understand this classi-
cal conditioning example. First, the Pavlov’s Dog experiment 
process is summarized. Pavlov showed some food to his dog 
and the dog began to salivate. Then, Pavlov rang a bell each 
time he showed the food to his dog. After a few trials, the dog 
began to salivate each time Pavlov just rang the bell. Previous 
memristor-based associative learning circuit designers focused 
on only these two properties: 1. Salivation begins when food 
is shown. 2. After a few trials, the dog begins to salivate every 
time it listens to the bell’s ring once the learning activity is com-
pleted [13-16]. However, in reality, the dog does not salivate 
after a long time has elapsed or if food is not given after the 
bell’s ring. In particular, the dog begins to forget salivation after 

Figure 1. OTA-based memristor emulator circuit. Here, R1=94 MΩ, 
R2=1 kΩ, C=10 nF, gm=100 uS. (Dimensions: 117x67 mm (96x96 
DPI))

Figure 2. a, b. Voltage-current relationship, when a sinusoidal signal is applied. (Dimensions: 69x67 mm (96x96 DPI)) (a). Memristance vari-
ation, when positive 1V pulses are applied. (Dimensions: 77x65 mm (96x96 DPI)) (b)

a b
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the bell has been rung a few times. Therefore, previous studies 
[13-16] have been missing a point because they disregard the 
above mentioned mechanism. Moon and coworkers [15] and 
Babacan and Kacar[16] presented an associative learning cir-
cuit, which is shown in Figure 3. This circuit uses fabricated and 
floating current source (FCS)-based nonvolatile memristors, 
respectively. The circuit has an unconditioned stimulus (UCS) 
and a neutral stimulus (NS) to represent food and bell inputs, 
respectively.

A volatile memristor was used instead of a nonvolatile memris-
tor in the associative learning circuit. Here, the volatility prop-
erty is very important because it enables the control of the 
capability of learning and the forgetting speed. The circuit re-
sponse, when pulses are applied before learning, during learn-
ing, after learning, and during forgetting are shown in Figure 4.

Before the learning stage, the circuit’s output becomes positive 
or zero, when input signals are applied only to the uncondition-
al stimulus input or only to the NS input, respectively. During 
the learning stage, signals are applied to both inputs and thus, 

the circuit produces a positive output. After the learning stage, 
the circuit has learned and can give positive response when 
signals are applied to both inputs seperately. Time directly af-
fects the memory property of the circuit. Thus, the circuit does 
not produce any output, when a signal is applied only to the 
NS input. The learning process requires that an output signal is 
obtained, when a signal train is applied to the NS input. How-
ever, if the signal train is applied to the NS input of the circuit 
a zero output is obtained. This situation can be related to the 
Pavlov’s Dog salivation, which starts to decrease, when the bell 
rings repeatedly.

Conclusion 

Previous studies on associative learning do not take into ac-
count the time-lapse and the unnecessary NS effect. Accord-
ing to the Pavlov’s Dog experiment, dog’s salivation starts to 
become zero, when NS is not applied after a long time-lapse 
or any food is not given after several rings of the bell. This work 
was focused on these missing properties and the problem was 
solved using only a volatile memristor instead of a nonvolatile 

Figure 4. Response of the memristor-based learning circuit before learning, during learning, after learning, and during forgetting. (Dimen-
sions: 356x132 mm (96x96 DPI))

Figure 3. Memristor-based associative learning circuit [15-16]. (Dimensions: 160x51mm (96x96 DPI))
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memristor. The nonvolatile memristor used was converted to 
a volatile memristor by attaching a resistor. The volatility of 
the memristor is very important for tuning the relationship 
between learning and forgetting speeds. Simulation results 
were obtained using TSMC CMOS 0.18 μm process model pa-
rameters, which are compatible with the associative learning 
theory. 
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