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Abstract— Networks of bipolar memristors have a rich collective switching behavior, which can be exploited in
computing applications. Such a small network is formed by a pair of bipolar memristors connected in a series or anti-series
configuration. The latter is known as complementary resistive switch (CRS), and has been studied for memory and for
logic applications. While CRS structures have been investigated with voltage-based driving schemes, the collective behavior
of current-driven networks of memristors has not yet been explored. To this end, here we present preliminary experimental
results from two bipolar self-directed channel (SDC) memristors by Knowm Inc., connected in series with the same or the
opposite polarity, driven by current. The amplitude of the applied current pulses varied between [0.1 uA| and |1.0 uA|. The
results demonstrate that current-based driving is effective for programming simultaneously memristors that are connected
in series. Moreover, the devices in the CRS configuration respond in a complementary way to the applied input current.
We observed a stable and uniform performance of the devices in all our experiments. Current pulses of |0.1 uA| did not
affect the state of the memristors, so they can be used to perform READ operations in current-driven resistive memory
modules.

Keywords— memristor; resistive memory; complementary resistive switch; characterization; Knowm; SDC; current
source;

I. INTRODUCTION

Memristor devices represent a very promising technology for future resistive memory chips [1], [2]. Memristors
store information in the form of resistance and opposite polarities of the applied input signal are required to program
the state of bipolar devices. A transition from a state of high resistance to a state of low resistance (HRS to LRS) is
called a SET. The opposite transition is called a RESET. Memristors generally demonstrate a threshold-type
switching behavior [3], thus their resistive state changes only when the applied signal exceeds the corresponding
thresholds for SET and RESET.

Several works in the literature discuss the potential of networks of bipolar memristors for a variety of applications
[4], [5]. Memristors connected in series have been explored for logic gate implementations [6], [7]. Likewise, the
dynamic switching response of series of memristors with opposite polarities, has attracted considerable interest. One
such example is the complementary resistive switch (CRS), proposed for memory [8], [9] and for logic tasks [10],
[11].

The voltage thresholds Vserand Vreser of the memristors play an important role for their applicability in network-based
structures. In [12] we find a detailed analysis of the way memristors connected in series behave under different biasing
schemes, depending on the relation between the Vser and Vreser thresholds. Due to the dynamic redistribution of the
voltage drop on each device while their resistance is changing, incomplete SET or RESET transitions can occur, which
lead to gradual performance degradation of the CRS configuration [13]. Many works have focused on the impact of
threshold variability in the global performance of the memristor network [14]. Such studies are greatly facilitated from the
fact that most device models for simulation assume the existence of voltage thresholds for SET/RESET [15]. Moreover,
whenever a conditional switching behavior is required; i.e., when a memristor should undergo a conditional state
transition, depending on the state of the rest of the interconnected memristors [16], usually the feasibility of this depends
on the relation between the Vserand Vreser values. This makes voltage-driven schemes challenging for networks of
interconnected memristors, which still constitute a topic of interest from the modeling and the fabrication point of view



[17], [18]. However, lately different research groups have used current-driving schemes for memristor characterization,
and reported interesting performance observed when the devices are submitted to constant current instead of constant
voltage [19], [20], [21]. These works concentrate on the exploration of the response of discrete memristors. However,
the collective behavior of networks of memristors under current-driven schemes has not been taken into consideration.

In this context, we present preliminary experimental results from the response of two bipolar memristors connected
in series, driven with current. The devices were connected both with the same and with the opposite polarity (anti-
series). We used a custom circuit for a voltage-controlled current source [22], [23] which allows the fine control of
low levels of current. The devices under test were self-directed channel (SDC) memristors, commercially available in
different packages and structures by Knowm Inc. [24], [25]. Our results demonstrate that current-based driving is
effective to trigger simultaneous transitions in the resistive state of memristors that are connected in series. We used
current pulses of Gaussian shape whose amplitude varied between |0.1 uA|and

|1.0 uA|. We observed SET and RESET events for
currents above 0.1 uA while the measured voltage
drop on each device was always below 2 V. The
collective response of two
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Fig. 1 Overview of the experimental setup. (a) Circuit implementation on a protoboard. (b) Compact schematic of the circuit showing a voltage-
controlled current source driving two memristors connected in series.

memristors with the same polarity was found qualitatively equivalent with that of a single memristor. On the other
hand, the memristors in anti-series configuration responded in a complementary way to the applied input current. We
observed a uniform performance of the devices in all the experiments, where low current pulses of |0.1 uA| did not
affect the state of the network. So, they are suitable for READ operations in current-based drivers of resistive memory
(ReRAM) modules.

II. EXPERIMENTAL SETUP

We show in Fig. 1(a) an overview of the experimentally implemented circuit. We distinguish the DIP16 package
of 8 discrete self-directed channel (SDC) memristors by Knowm Inc. We used the ADP3450 instrument by Digilent,
which has a digital oscilloscope and a function generator, controlled via the WaveForms software running on a PC. To
drive the two memristors, we used two TL0O82 opamps in a custom circuit of a modified Howland current source,
controlled by voltage. The use of such current pump was suggested in [23] and it was previously used in nanowire
measurements [26]. The potential application of this circuit on memristors and its configuration have been thoroughly
discussed elsewhere [21], [22], [27].

A compact schematic of the implemented circuit is shown in Fig. 1(b). The two series memristors Ma and Ms were
connected to the output node of the current source. Through the control voltage Vv we determine the common current
flowing through both devices, which is independent of the resistance of Ma and Ms. The circuit permits monitoring
the voltage drop on two different nodes using TLO82 operational amplifiers in a voltage-follower (buffer)
configuration. In all the conducted experiments, the current pulses we applied were Gaussian-shaped and had a 10-ms
full width half maximum (FWHM) [21] with variable amplitude between |0.1 uA| and
|1.0 uA|. Measurements were carried out at room temperature.

III. RESULTS AND DISCUSSION

A. Forming process

In order to achieve a uniform SET/RESET switching, the forming process, which takes place on pristine
memristors, is essential [27], [28]. Controlling the current through the devices is an effective way to realize the
forming process.
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Fig. 2 The forming process of two memristors. (a) The evolution of the voltage on each device during the application of the current pulses to the two

devices connected in series. (b) Semi-log representation of the current w.r.t. the voltage on every device, only for the two first and the two last
pulses.

When two devices are connected in series with the same polarity and are driven with the same current, their forming
can take place simultaneously. In our case, a sequence of 20 positive current pulses of 1.0 uA amplitude were applied.
Fig. 2(a) shows the input current pulses and the evolution of the voltage drop on every device, whereas Fig. 2(b)
shows the semi-log representation of the two i-v curves. We observe that the voltage gradually drops on both devices,
which is indicative of the simultaneous reduction of their resistance. With the same current flowing through both
devices, we would expect an identical response. However, we note that at the peak of the last current pulse, the voltage
on Mg (Vourz) is nearly 2x the voltage on Ma (Vouri - Vourz). Therefore, both devices respond in a coherent way,
even though they eventually reach different resistive values for their LRS state.

B. Memristors with the same polarity

We studied the collective response of two memristors connected in series with the same polarity. We explored the
effect of different current amplitudes during the SET process. To this end, the devices were first RESET to HRS using
a negative pulse of -1.0 uA and then they were submitted to a sequence of positive pulse groups of gradually

increasing amplitude. The amplitudes of the applied pulse groups were 0.1, 0.2, 0.5, 0.6, 0.7, 0.8, and 1.0 uA,
respectively.

In Fig. 3(a) we show the response of the two memristors in a current-voltage representation. During the single
RESET Pulse, we observe that the two devices undergo a RESET
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Fig. 3 Memristors in series. (a) The semi-log absolute current-voltage representation when a single RESET pulse was followed by a sequence of
positive pulse groups. (b) The semi-log absolute current-voltage representation when a single SET pulse was followed by a sequence of negative

pulse groups. We show the response only during the first pulse of every consecutive group. The timing of every pulse is shown with a different color
in the inset. The rest of the pulses are shown in light gray color.

process in a sequential manner. At the peak of the negative current pulse, the voltage drop on Ms is nearly 40%
higher than the voltage measured on Ma. By observing the curves in the first quadrant, we see that both devices
undergo a SET process, where device Ma achieves a lower resistive state than Mg. The inset highlights the color
correspondence with the timing of the pulses, and the remaining curves are shown in light gray color. There is no
significant accumulative behavior during the application of consecutive pulses of the same amplitude. Nevertheless,
higher current amplitudes drive the devices to lower resistive values. Similar observations can be made when studying
the RESET behavior of the devices in Fig. 3(b), where the devices were first SET to LRS using a positive pulse of 1.0
uA and then were submitted to a sequence of negative pulse trains. No significant accumulative behavior is observed
during RESET either. Both devices demonstrate a successful RESET behavior. The presented results confirm the initial
hypothesis that both devices ought to behave in a “nearly” identical manner under the same inputcurrent.

C. Memristors with the opposite (anti-series) polarity

For the anti-series connection, we repeated the same experiments described in the previous section after connecting
the device Mg with the opposite polarity. The objective is to
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Fig. 4 Anti-series memristors. (a) The semi-log absolute current-voltage representation when a single negative pulse is followed by a sequence of
positive pulse groups. (b) The semi-log absolute current-voltage representation when a single positive pulse is followed by a sequence of negative
pulse groups. The timing of every pulse is shown with a different color in the inset. The rest of the pulses are shown in light gray color.

demonstrate that in a complementary resistive switch (RS) configuration (anti-series or simply “CRS”), the two
memristors respond in a complementary manner to the applied input current. To better follow the response of each
device, we examine the corresponding i-v curves separately.

In Fig. 4(a) we show the response of the two anti-series memristors in a current-voltage representation. During the
negative pulse of -1.0 uA, the device Ma is RESET to HRS whereas the device Mz is SET to LRS. The devices show
the exact opposite behavior in the first quadrant, where positive pulses of 0.2 uA or higher trigger the RS event in the
two devices. In Fig. 4(b) we observe a complementary switching response with the positive current pulse in the first
quadrant, where the device Ma is SET to LRS and the device Ms is RESET to HRS. Next, the series of negative
pulses trigger a complementary response. Therefore, both in Fig. 4(a) and in Fig. 4(b) we observe consistent
switching behavior. We note the ability to control the LRS resistance by varying the maximum current through each
memristor. It is worth noting that this observation is in line with the work reported in [29].

D. Modifying & reading the state of anti-series memristors
In all the conducted measurements, we observed that current pulses with amplitude |0.2 uA| or higher, alway
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Fig. 5 Anti-series memristors. (a) A close-up view of experimental data presented in Fig. 4(a), showing the time-evolution of the voltage drop on the
two anti-series devices during the first 1.5 s of the experiment. The inset focuses on the first pulse of 0.1 uA applied after the negative initialization
pulse. (b) Experimental results from a series of incremental and decremental positive and negative current pulses, whose amplitudes were selected as
0.2,0.4, 0.6, 0.8, and 1.0 uA, respectively. The curves correspond to the time- evolution of the voltage drop on the two devices.

induced a change in the state of the devices, regardless of their polarity, whereas |0.1 uA| amplitude did not affect their
state. We highlight this observation revisiting the results shown in Fig. 4(a). Specifically, we show in Fig. 5(a) a
close-up view of the response of the devices where we can observe what occurs when current pulses of 0.1 uA and 0.2
uA are applied. We focus on the first positive pulse groups, after a negative initialization pulse was applied. We do
not observe any change in the state of the devices during the application of 0.1 uA current pulses, whereas a change
occurs with the very first pulse of 0.2 uA, where the device M becomes more resistive than Ma. Likewise, we did not
observe any change in the state of the devices during the application of -0.1 uA current pulses either (not shown here).
Therefore, |0.1 uA| current pulses could be used to READ the state of the memristors, without disturbing the resistive
combination of the CRS configuration.

We conclude this preliminary exploration of the behavior of series and anti-series memristors with the results
presented in Fig. 5(b). We already observed the amplitude-dependence of the final state of the memristors in previous
experiments. Here, we rather used a sequence of incremental and decremental positive and negative pulses to figure
out the effect of smaller amplitude current pulses when they are applied immediately after pulses of higher amplitude
have been applied first. The current pulse amplitudes were selected in the range of amplitudes which we verified that
were able to



trigger a resistive switching (RS) event, namely: 0.2, 0.4, 0.6, 0.8, and 1.0 uA, respectively.

The results validate the complementary switching behavior claimed previously. The decreasing (increasing)
measured voltage values are indicative of the simultaneous decrease (increase) of the resistance of each one of the
two devices. During the first half of the positive pulses, the voltage on device Ms is increasing w.r.t. the voltage on
device Ma, whereas the opposite behavior is noticed during the first half of the negative current pulses, since here the
device Ma undergoes a RESET process whereas the device Ms undergoes a SET process. For both polarities of the
input signal, any significant modification of the state of any device is noticed only until the application of the higher
positive (lower negative) current pulse. Afterwards, we do not see any change induced by the application of the
remaining pulses whose amplitude is lower than |1.0 uA|. The latter validates the amplitude-dependence of the final
state of the memristors when current-based driving schemes are employed.

IV. CONCLUSIONS

The results presented in this work demonstrated the feasibility of current-based driving applied to networks of
memristors connected in series, both with the same and with the opposite polarities. Our observations motivate the
design and experimental implementation of solutions exploiting the CRS configuration in current-driven schemes for
memory and computing applications, which could be tested using commercially available memristors, creating
opportunities for new R&D tracks in this field. On-going work will focus on the key CRS operation proposed elsewhere
for memory and logic applications, which is the case when the CRS is brought to the
{LRS-LRS} intermediate combination; i.e., when only one device is forced to switch its state from HRS to LRS,
while the other remains unaffected. This behavior was previously proposed for destructive READ out of the CRS state
encoding binary information, as well as for logic XOR gates and for composite multi-level resistive switches [14],
[30]. The current-based driving conditions required to achieve the intermediate CRS state combination, will be
investigated next.
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