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ABSTRACT

B io-inspiring circuit design attracts a great deal of attention among researchers in the field
of electronics. Memristor has emerged not only because of their potential use in neuro-
morphic circuits but also because of their feasible fabrication using low-cost techniques. This
research presents the use of memristors to build multi-state shift registers. Memristors are
capable of storing and processing multi-state logic and design of an architecture for their use
in shift register have potential applications in bio-inspired integrated circuits, telecommuni-
cation systems, cryptology, display technologies, data storage, chaotic circuits, etc. The de-
signed shift register consists of stages with capability to store and transfer multiple bits. The
number of stages can be adjusted depending on the requirements of the specific applications.
Each stage of the shift register consists of two memristors for a continuous signal generation
at the output of each stage. Reading and writing are executed in sequential order so that when
reading operation is performed by a memristor, new data is transferred to another for writing.
The amplitude of the voltage corresponds to the logic state and voltage levels are classified
into logic states using comparators. For n-state logic, 2n-1 comparators are required at each
stage. Yakopcic’s memristor model is used in the simulations conducted in LTSPICE. The

multi-state shift register architecture provided in this research successfully stores and shifts
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the data in the desired logic state.
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INTRODUCTION

Developments in nanofabrication and materi-
al technologies have a significant impact on
the speed, power consumption, cost and stability of
electronic systems. In recent years, memristors have
been one of the most important junction points whe-
re nanomaterials and electronics met. In the 1970s,
Chua put forward the idea that there must be a circuit
element defining the relationship between flux and
charge [1]. Memristor research remained in theory
level until the first practical work done by Williams
et al. in 2008 [2]. Since then, in the search for new ge-
neration electronic systems, memristors have drawn
the attention of the industry.

An active memristive layer, mostly metal oxide,
sandwiched by two metal electrodes forms a memristor
[2,3]. At this point, the active material is deterministic to
obtain the bow-tie I-V hysteresis from the electrical me-
asurements. Since the fabrication of the first memristor
by Williams et al., TiO, represents one of the most wor-
ked out active materials in the literature [4]. The oxygen

vacancies drift in TiO, thin films in the same direction
with the current flow. Due to the drift of oxygen vacan-
cies in the active layer, the resistance of the memristor
(also known as memristance) varies as a function of the
voltage applied across its terminals. The memristor sto-
res the last resistance value on it even after the power
source is disconnected. All these properties indicate the
non-volatility and voltage-dependent resistance charac-
teristics of memristors. Memristors have been subject to
various studies including non-volatile resistive memory
devices (ReRAM, NVRAM, etc.), bio-inspired and cha-
otic circuits [5-7]. Additionally, electrical properties of
memristors resemble the synapses in the human body
since the conduction through the memristor also de-
pends on the strength of the signal passing through it.
Artificial neural network applications and multistate
data storage represent some of the futuristic properties
of memristors. Conventional computation relies on the
binary logic where all logical operations, as well as data
storage, are done using 1s and Os. In the case of multi-
state (non-binary or multi-valued) logic as in analog and
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quantum computer architectures, data is processed and sto-
red in states not limited by 1 and 0. For instance, in a 3-state
logic, 000, 001, 010, 011, 100, 101, 110, and 111 are used for
logical operations and data storage. Multi-state data storage
property of the memristors using crossbar array architectu-
res has been subject to some studies in the literature [8-11].

Shift registers, commonly used in counter and memory
devices, are composed of a number of flip-flops, which has
been one of the essential components used for data storage
in conventional binary logic systems. Shift registers scroll
the binary data in a specific direction and the number of the
bits stored in the shift registers is the same as the number of
the flip flops used in the system. Prior to the development
of modern memory architectures, shift registers were used
as the primary memory structures in computation. Cur-
rently, the applications of the shift registers can be found
in displays, communication systems, parallel and serial in-
terface conversion and filters [12]. Unlike conventional shift
registers using the Boolean systems, memristor-based shift
registers can handle multi-state register operations. With
the increasing demand on the research of memristor-ba-
sed computation, the design of a multi-state shift register
architecture becomes a necessity for modern data registers,
noble communication protocols, and analog computation
systems [8-11].

Several research groups elaborated Memristor-based
logic gates. Memristor-based material implication (IMPLY)
[13], memristor threshold logic [14], memristor-aided logic
(MAGIC) [15] and memristors-as-drivers (MAD) [16] rep-
resent some of the proposed configurations in the literature
executing logic operations using memristors. Likewise rese-
arch on memristor-based logic gates, there are some mem-
ristor-based shift register studies in the literature counting
on the single-bit logic [17, 18]. In addition to studies covering
single bit operations, memristors have also been investiga-
ted in the literature to demonstrate their multi-state data
storage capability in ReRAM architecture for multithreaded
processors [8]. Due to the non-volatility of memristors, Re-
RAM can store multistate data even when the power is off.
Low power consumption is another advantage of memris-
tor-based memory systems since the power is not supposed
to be on all the time. Furthermore, memristors potentially
occupy less space in the circuit layout since multiple bits
can be stored in a single memristor, rather than sparing a
different cell for each bit as in conventional RAM architec-
tures. This study provides an architecture for multi-state
shift registers enabling the sequential scrolling of multista-
te data. Rather than using flip-flops or latches as in binary
shift registers, the design, demonstrated herein, shifts the
multi-state logic signals from one memristor to another.
For validation of the designed architecture, simulations are
performed for 4-state shift register operations. Jakopcic’s

memristor model is utilized in the simulations while desig-
ning a universal shift register relying on the multistate data
storage ability of memristors as the primary objective of this
research, various memristor models are evaluated throug-
hout the design to extract writing and reading parameters
resembling the real device.

BACKGROUND

R, the resistance of the memristor (also known as mem-
ristance), defines the relation between charge (q) and
magnetic flux (¢) as given in Eq. 1 [1,2].

dp

R, = d7q @

where % =v(t)and % =i(r). Therefore the voltage

(v(1)) across the terminals of a memristor is given by Eq. 5

v(t)=i(1)-R, (x) @)

R,, is the resistance of the memristor and () repre-

sents the current value. Williams et al. proposed a linear
model to express the change in the resistance depending on
the ionic drift in the active layer of the memristor [2]. Accor-
dingly, the resistance of the memristor (R, ) is expressed by
Eq. 3.

R, (x)=Royx+ Rypp (1—x) 3)

Here x is the state variable and given as x= D where

w is the width of the region with oxygen vacancies (doped
region) and D is the total length of the memristor. The state
variable value ranges between 0 and 1. R, and R, refer to
the maximum and minimum resistances obtained depen-
ding on the voltage applied. In a binary logic system, R |, and
R, correspond to logic 1 and O respectively. The shift regis-
ter architecture given in this research is designed for a mem-
ristor with Ry and R values of 120Q and 1.1k Q, respec-
tively. In the later studies, several non-linear ionic drift mo-
dels were worked out to completely define the memristive
characteristics of materials. Most of these models were suc-
cessful at physical boundary conditions of the device, but
Pickett’s model relying on Simmons tunneling barrier mo-
del provides a more realistic approach to the time domain
operations [19]. Mathematical expressions are complex and
there are a variety of parameters that needs to be determi-
ned experimentally. There are some alternative methods
proposed due to the complexity of this model. Among these,
the device models proposed by Yakopcic et al. [20] and Kva-
tinsky et al. [21] (threshold adaptive memristor model
(TEAM)) may be the most preferred ones due to the less
complexity for simulations.
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As mentioned before, this study utilizes Yakopcic’s
model to simulate working conditions of memristors. Ac-
cording to the model, the motion of state variable is given
by Eq. 4 [20].

) g (v (1) £ (x(0) @

1 represents the direction of the motion, g (¥ (¢)) defi-

nes the threshold to change the state variable, and f(x(t))
describes the points (x_and xp) at which the state variable do

not change. Eq. 5 expresses g(¥(¢)) for possible conditions
of V(1)

4,(¢V =" )irv(e)>,

_An(er(t)_eVn)’ifV(t)<_Vn (5)
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g(v(n)=

Here, V, and V, stands for the positive and negative
threshold voltages, respectively, whereas A, and A are the
multipliers used to adjust how fast state variable changes.

f(X(t)) is given by Eq. 6.

efa,,(xfx,,)wl, (vap) 5 ifXEXp
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Window functions for positive and negative regimes
are respectively given as w and w, . a and o are the para-
meters defining the constraining factors in the motion of
the state variable. Eventually, current change as a function
of state variable (x(t)) and applied voltage (V(t)) can be exp-
ressed by hyperbolic functions (Eq. 7).

{alx(t)sinh(bV(t)), V(t)=0

f(x)= (7)

azx(t)sinh(bV(t)), V(t)<o0

a,, a,, and b are the fitting parameters depending on
the design and structure of the memristor. For the simu-
lations conducted in this work, the fitting parameters are
taken as a,=a,=0.17, b=0.05, n =1, A =A_=4000, V, =0.56,
Vp:0.65, o =5, a=1,x, =011 (initial value of the state vari-
able), x, =0.5and x =0.3. Shift registers are classified under
sequential circuits where circuits work with the clock pulses.
The device model and parameters must coincide with the
practical working conditions of the modern memory devi-
ces and electronics systems to ensure the implementation
of the proposed architecture for contemporary technologies.

METHODOLOGY

Writing Operation

In a binary logic system, if R, approaches to the mini-
mum resistance value of the memristor (R, ), the mem-
ristor is set tologic 1. R = R | condition is satisfied when
the state variable (x) is 1. On the contrary, if R, is close to
the maximum resistance value of the memristor (R,,),
the memristor is set to logic 0. Fig. 1 demonstrates the
voltage, current and resistance waveforms obtained thro-
ughout the writing operation at which the resistance
changes with the applied voltage. The graphs are plotted
by using Yakopcic’s model for the memristor. As mentio-
ned before, using Yakopcic’s model simplifies the mathe-
matical load of the simulation. It is important to note that
the writing process must not consume massive time to
ensure that the design is compatible with clocking trend
of modern memory devices and electronic systems. The
speed of the writing process is determined by several pa-
rameters including the applied voltage, mobility of the
ions in the active layer, maximum and minimum resis-
tances of the memristor [20,22]. The proposed circuit
model works at +1.8V. As +1.8V is applied for 200 u s, the
state variable increases from 0 to 1, meaning that logic
state also switches from 0 to 1. On the contrary, when the
voltage source is reverse biased with -1.8V, the state vari-
able decreases in the reverse direction within about 200

4 s. Consequently, reverse polarities of the applied volta-
ge drive opposite logic conditions. To make the memris-
tor working as a multi-state logic and memory device,
knowing the precise values of the state variable are criti-
cal. For example, in a 4-state logic device, the ranges of x
between 0-0.25, 0.26-0.5, 0.51-0.75, and 0.76-1 refer to 00,
01, 10, and 11 in a 2-bit complimentary system. As given
in Figure 2, the x value changes in a logarithmic fashion
and 00, 01, 10, and 11 logic states are respectively obtai-

ned within 12 z s (for 125mV), 30 ¢ s (for 375mV), 72 u s

(for 625mV) and 180 # s (for 880mV) when +1.8V applied.
If the initial state is known, switching one state to anot-
her is possible by applying voltage for specific times. Ho-
wever, the initial state (or resistance) of the memristor
may not be known before the writing operation, therefore
it is crucial to design an automated writing circuit which
accurately works no matter what the initial state (resis-
tance) is. In the proposed design, for a reliable writing
operation, the memristor state variable is first set to 0 or
1 by applying a constant voltage of -1.8V or +1.8V for 200

4s. Via this technique, without knowing its initial state,
the memristor can be set to any value of the state variable
by applying negative voltage (e.g. -1.8V for a certain time
interval) after preconditioning at +1.8V. There are two
convenient ways to set the desired value of the state vari-
able: (1) applying varying voltage values for a certain time,
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Voltage

2.0V
1.6V A
1.2V+
0.8V
0.4V
0.0V
-0.4V—
-0.8V—
-1.2v+
-1.6V-
2.0V T T T
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Figure 1. A) Voltage applied across the terminals of the memristor for

400 4's (+1.8V for 200 i's, -1.8V for 200 4's), B) Current change
recorded over the memristor, C) Variations at the state variable (x)
during the writing process.

(2) applying a constant voltage of -1.8V for varying time
periods. As an example of the first case, applying -1.8V
and -1.2V for a constant time of 30 u s yields different sta-
te variables. In the second case, the state variables are at
different values when a constant voltage of -1.8V is appli-

ed for 20 # s and 30 #s. The universal shift register de-
sign given in this study is capable of running both scena-
rios.

Reading Operation

The reading of the memristor state is done by applying
the zero-net flux condition at which the applied voltage is
in square waveform and maximum and minimum volta-
ge values are at the same amplitude but in opposite direc-
tions [22]. The stored data on the memristor is not suppo-
sed to be affected adversely throughout the readout pro-
cess. Fig. 2 shows the change at the resistance value of the
memristor during the readout process based on the app-

2.4V- 269.5Q
2.0v-] SZ::;"” |-268.80
1.6V- 268.1Q
1.2V —267.4Q
0.8V- 266.7Q
0.4V~ —266.0Q
0.0V- 65.30
0.4V —264.6Q
-0.8V- 63.90
-1.2v / -263.2Q0
1.6V 62.50
2.0V- T 261.8Q
0.0ps 0.4ps 0.8us 1.2us 1.6ps 2.0ps

Figure 2. Resistance change during the reading operation (Applied
voltage: +1.8V for 1 i's, -1.8V for 1 i s).

lied voltage. Before the readout process, the initial resis-
tance value is 269 Q and after applying +1.8V for 1 us
and sequentially -1.8V for 1 s, the same resistance is
observed. This indicates the readout condition does not
change the resistance and so the state variable of the
memristor, if the zero-net flux condition is satisfied. Rea-
ding the state of the memristor can be done via operatio-
nal amplifier based current or voltage reading process [22,
23]. The readout circuit used in this design is given in
Section 4. Simply, the amplified voltage amplitude at the
output of the opamp corresponds to a state variable. The
maximum absolute voltage value must be normalized to
the state variable 1, whereas the minimum absolute volta-
ge must be also normalized to the state variable 0. As
mentioned earlier, the voltage applied to the input of the
opamp is in the form of a square wave, therefore the out-
put voltage appears to be in the triangular waveform and
root mean square (RMS) converter or an averaging circu-
it can be embedded to the system for the simplification in
the quantization. An averaging circuit with the bypassing
capacitor at the input is a feasible way for implementation.
As compared to the writing operation, reading consumes
less time, however, for the synchronization purpose, the
period is taken the same as the writing process.

RESULTS AND DISCUSSION

The foremost principle that has to be considered at the
design of the memristor-based multi-state shift register
architecture is that reading and writing operations need
to be performed in a sequence. Writing and reading can-
not be done at the same time on a single memristor. The
sequence can be achieved using two memristors in a sta-
ge. While the writing operation is in progress on a mem-
ristor, the reading operation is conducted in another one.
Unlike the binary systems, one stage stores more than 1
bit. The sequential processes observed at the memristors

M1 M3 M5
Rl
Start M2 M4 Mg 4 pulse

1stpulse: \1n Ma M6 5% pulse

2nd pulse! M2 M4 M6 6" pulse | M2

1st stage
2nd stage
3dstage
1st stage
2 stage
3dstage

- Writing in progress

- Reading in progress

lﬁ] Unrelated to the Input Signal
Figure 3. Representation of the initial reading and writing sequences
for a three-stage multi-state shift register. Red-colored memristors
represent the writing process in the particular memristor, whereas green
colored ones indicate the reading process. Non-colored ones symbolize
the memristors unrelated to the input signal (this condition is only
observable in the initial pulses).
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are illustrated in Fig. 3 for a three-stage shift register
configuration. The first data package is written to the M1
at the first clock pulse. Here, the term “data package” is
used to define random multi-state data. With the second
clock pulse, the stored data at M1 is sent to the M3 at
the second stage via read-out circuitry. While this read-
out process is in progress on M1, the writing operation is
performed on M2 for the second data package. The first
data transferred to the M3 during the read-out process of
MI1. Sequentially, the writing at M4 of the second stage
continues while the data stored at M3 can be observed
at the output of the second stage. Proper clocking and
switch connections are vital to achieving a sequential or-
der for the writing and reading processes. At each clock
pulse, the read line (RL) switch connected to one of the
memristors must be on, whereas write line (WL) switch
must be on for the other one. The shift register configu-
ration given in this study is universal and the number of
the stages can be extended to any desired level.

Fig. 4 shows the circuit diagram of a 2-stage memvristor-
based multi-state shift register. This circuit is specifically
designed for a 2-bit operation in a single memristor. As dis-
cussed before, clock connections of the transmission gates
that are used to establish the sequence in the reading and
writing are connected with reverse polarities for the same
memristor. To maintain a sequential order in the shift re-
gister, clock pulses of M1-M3 and M2-M4 must be paired.
The input of the first stage is the writing signal for M1 and
M2. The input signals are separated in equal time periods
to separate the writing times for M1 and M2. When M1 is
being written, the M2 is read out and vice versa. The readout
connections shown in Figure 4A are connected to the circu-
itry shown in Fig. 4B. As illustrated in Fig. 4B, each stage has
a single readout circuit at which the signal amplified using
an opamp. Both inverting and non-inverting configurations
can be used in the opamp. Signal transferred per clock pul-
se classified into voltage levels by using comparators after
the amplification. Comparators connected to the decoders
determine the logic carried out by the signal. The preferred
option to convert the voltage to the state variable is to use
a comparator configuration. By this method, the incoming
signal from the readout circuit can be segmented into state
variables according to the voltage levels. Likewise the com-
parator stage of the flash ADC architecture, comparators
can be supplied by reference voltages determined by voltage
divider configuration. Using a comparator, the voltage at the
output of the readout opamp is compared with a reference
voltage (V). Simply, state variables between 0-0.25, 0.26-
0.5, 0.51-0.75, and 0.76-1 are classified into logic 00, 01, 10,
and 11. Three comparators are required for a 2-bit system
because 0.25, 0.5 and 0.75 are supposed to determine the
threshold for classification. For instance, in a 2-state readout
operation, 0.2V at the output of the opamp refers to logic 00

because when it is compared with V. values of 0.25V, 0.5V
and 0.75V and the output of the comparators give OV. In
case of 0.8V coming from the readout circuit, the outputs
of all comparators are 1, so the logic corresponding to 0.8V
is 11.

The working principle and combination of the compa-
rators resemble the flash ADC configuration, but there is
no encoder in this case. As the number of states increase,
the number of comparators is supposed to be also increased.
While three comparators are sufficient to conduct a 2-state
operation, n-state operation requires 2"-1 comparators.

After the logic state of the memristor is determined, the
logic signal is carried to the input of the second stage. As
seen in Fig. 4C, each logic state has a corresponding clock
connection. In order to transfer the state of a memristor to
another one, a voltage must be applied for a certain time in-
terval at the writing circuit. For instance, in order to write
logic 11 to M3, CLK_11 is used and the naming of clock in-
puts is done according to the logic state they should write.
As mentioned earlier in the text, altered voltage values can
be used instead of varying clocking. Fig. 5 shows the random
input (V(in)) and its corresponding outputs of a 5-stage two-
state shift register. As seen in the V(in) graph, the voltage
value varies while the duty cycle is kept constant. It is im-
portant to note that the first output voltage is the signal di-
rectly written by the voltage coming from the input. So
V(outl) is recorded before it’s classified into logic states. For
example, the voltage value between 400 Hsand 800 # s is at
around 200mV and since it is lower than 250mV (the boun-
dary between 00 and 01), the corresponding input signal is
classified as logic 00. When V(outl) between 1.2ms and

A

READ

- READOUT
cLock

STAGE 10UTPUT

READOUT
STAGE Z OUTPUT

MEMRISTORS
CONNECTIONS

PREVIOUS STAGE
STAGE INPUT

Figure 4. A) Circuit architecture of a two-stage multistate shift register.
B) Readout circuitry connected to the outputs of each stage. C) Writing
circuitry using voltage or time-varying pulses represented with CLK_00,
CLK_01, CLK_10, and CLK_11.
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V(out2)

V(outt)

B e

V(i)

2.0V T T T T T T T T T 1

Figure 5. Simulation results demonstrating random 2-state logic
shifting in a five-stage shift register. V(in) graph shows the varying
applied voltage in a constant clock cycle. V(outl) is the signal observed
before the voltage segmentation process in the comparators are
completed. V(out2), V(out3), V(out4), and V(out5) are shifted outputs
observed in sequential stages. The output voltages are normalized to
represent the state variable values.

oy s

o i D s

= - T
A g i o | I o |

=
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Figure 6. Simulation results demonstrating random 2-state logic
shifting in a five- stage shift register. V(in) graph shows the varying
duty cycles for the constant applied voltage. V(outl) exhibits the signal
waveform observed before the voltage segmentation process in the
comparators are completed. V(out2), V(out3), V(out4), and V(out5) are
shifted waveforms observed in sequential stages. The output voltages are
normalized to represent the state variable values.

1.6ms is checked, it can be seen that the voltage value in that
time interval is 900mV and since this value is greater than
750mV (the boundary between 10 and 11), the correspon-
ding input voltage is classified as logic 11. V(out2), V(out3),
V(out4) and V(out5) represent the outputs of each state and
the graphs demonstrate the shift registering of the V(outl)
in sequential order. All output voltage values are normalized
to correlate them with the state variable (x). After the reado-
ut process at the circuit seen in Fig. 4B, output signals are
classified according to the voltage levels. According to the
input and the output graphs, the design works properly for
the 2-state shift register. Fig. 6 is plotted to exemplify the
condition at which V(in) is maintained at a constant voltage
and time for pulsing -1.8V varies. Consequently, 2-state
memristor-based shift register behavior is successfully ob-
served for a different writing scenario. The state variables
are subject to changes depending on the duration of the app-
lied voltage. For some applications, it may be more preferred
to vary the duration rather than the voltage and the propo-
sed architecture can be utilized for both scenarios.

CONCLUSION

Memristor-based logic and data storage systems have the

potential to be implemented in advanced electronic de-
vices not as an alternative method, but as a fundamental
building block. As an architectural model for a multi-
state shift register, the designed memristor-based circuit
works with high accuracy. Yakopcic’s memristor model is
utilized in the simulations due to its accuracy and applica-
bility. Each stage of the shift register has two memristors
so that when one is being written the other one is being
read. Reading and writing scenarios are designed for the
flow of the data in sequential order. A pre-conditioning
technique is applied during the writing process to opera-
te the memristor accurately without knowing its initial
state. Writing process using both altered clock and volta-
ge values are achieved with the architecture given in the
study. The use of memristors in shift-registers to cont-
rol the clock-based flow of the data represents a crucial
task in memristor-based computing and communication
systems for future applications. The architecture and the
circuit design covered in this study have the potential to
be utilized in analog and multi-bit digital computations,
as well as chaotic and neuromorphic circuits.
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