\ AI P ‘ .JQ?)I:)rll:eacll (ghysics Ul

Novel implementation of memristive systems for data encryption and obfuscation
Nan Du, Niveditha Manjunath, Yao Shuai, Danilo Birger, llona Skorupa, René Schiiffny, Christian Mayr, Dimitri

N. Basov, Massimiliano Di Ventra, Oliver G. Schmidt, and Heidemarie Schmidt

Citation: Journal of Applied Physics 115, 124501 (2014); doi: 10.1063/1.4869262

View online: http://dx.doi.org/10.1063/1.4869262

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/115/12?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Investigation of analog memristive switching of iron oxide nanoparticle assembly between Pt electrodes
J. Appl. Phys. 114, 224505 (2013); 10.1063/1.4846759

Practical guide for validated memristance measurements
Rev. Sci. Instrum. 84, 023903 (2013); 10.1063/1.4775718

Investigation statistics of bipolar multilevel memristive mechanism and characterizations in a thin FeOx transition
layer of TiN/SiO2/FeOx/Fe structure
J. Appl. Phys. 110, 053703 (2011); 10.1063/1.3630119

GHz Bandwidth Chaotic Optical Data Encryption Using External Cavity Diode Lasers
AIP Conf. Proc. 622, 323 (2002); 10.1063/1.1487549

Design and Realisation of Chaotic Encryption Systems
AIP Conf. Proc. 622, 230 (2002); 10.1063/1.1487539

AP - Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/52631116/x01/AIP-PT/JAP_ArticleDL_041614/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Nan+Du&option1=author
http://scitation.aip.org/search?value1=Niveditha+Manjunath&option1=author
http://scitation.aip.org/search?value1=Yao+Shuai&option1=author
http://scitation.aip.org/search?value1=Danilo+B�rger&option1=author
http://scitation.aip.org/search?value1=Ilona+Skorupa&option1=author
http://scitation.aip.org/search?value1=Ren�+Sch�ffny&option1=author
http://scitation.aip.org/search?value1=Christian+Mayr&option1=author
http://scitation.aip.org/search?value1=Dimitri+N.+Basov&option1=author
http://scitation.aip.org/search?value1=Dimitri+N.+Basov&option1=author
http://scitation.aip.org/search?value1=Massimiliano+Di+Ventra&option1=author
http://scitation.aip.org/search?value1=Oliver+G.+Schmidt&option1=author
http://scitation.aip.org/search?value1=Heidemarie+Schmidt&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4869262
http://scitation.aip.org/content/aip/journal/jap/115/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/22/10.1063/1.4846759?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/84/2/10.1063/1.4775718?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/5/10.1063/1.3630119?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/5/10.1063/1.3630119?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1487549?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1487539?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 115, 124501 (2014)

@ CrossMark

Novel implementation of memristive systems for data encryption

and obfuscation

Nan Du,"® Niveditha Manjunath, Yao Shuai,? Danilo Biirger," llona Skorupa,
René Schiiffny,® Christian Mayr,* Dimitri N. Basov,® Massimiliano Di Ventra,®

Oliver G. Schmidt,"® and Heidemarie Schmidt"®

YFaculty of Electrical Engineering and Information Technology, Technische Universitit Chemnitz,

09107 Chemnitz, Germany

State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic Science

and Technology of China, Chengdu 610054, China

3Department of Electrical Engineering and Information Technology, Technische Universitit Dresden,

01062 Dresden, Germany

“Neuromorphic Cognitive Systems Group, Institute of Neuroinformatics, University of Zurich and ETH Zurich,

Winterthurerstrasse 190, CH-8057 Zurich, Switzerland

>Department of Physics, University of California, San Diego, California 92093-0319, USA
®Institute for Integrative Nanosciences, IFW Dresden, 01069 Dresden, Germany

(Received 6 February 2014; accepted 11 March 2014; published online 25 March 2014)

With the rise of big data handling, new solutions are required to drive cryptographic algorithms for
maintaining data security. Here, we exploit the nonvolatile, nonlinear resistance change in BiFeO;
memristors [Shuai er al., J. Appl. Phys. 109, 124117 (2011)] by applying a voltage for the
generation of second and higher harmonics and develop a new memristor-based encoding system
from it to encrypt and obfuscate data. It is found that a BiFeO; memristor in high and low
resistance state can be used to generate two clearly distinguishable sets of second and higher
harmonics as recently predicted theoretically [Cohen et al., Appl. Phys. Lett. 100, 133109 (2012)].
The computed autocorrelation of encrypted data using higher harmonics generated by a BiFeOj;
memristor shows that the encoded data distribute randomly. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4869262]

. INTRODUCTION

Big data handling has already begun to realize a number
of benefits from cloud storage over traditional storage
methods.'~® For example, cloud storage does not require in-
stallation, maintenance, or capital spending and it offers
economies of scale that reduce overall storage costs.
However, cloud storage users still encounter several chal-
lenges when performing large data transfers, including long
transfer times, security exposure, and difficulties synchroniz-
ing data. Big data handling is turning to ‘“on-the-wire”
encryption as a first line of defense. This includes technolo-
gies like Secure File Transfer Protocol (SFTP) and File
Transfer Protocol Secure (FTPS).” The big data handling has
been inspired by a biological brain’s approach to make sense
of visual information and it has been suggested that new
memristor-based cognitive systems can be used for big data
handling.g’9 With the reproducible fabrication of memristors,
the exploitation of the new functionalities of memristive sys-
tems became possible. Namely, the functionalities of mem-
ristors are not confined to the emulation of the brain
functions.'” It has also been shown that the memristors can
be used as nonvolatile resistive memories,'' ™ reconfigura-
ble nonvolatile logic blocks,'®"® artificial neural
networks,'®2? and as chaotic circuits.?>>* This is just the
beginning of exploiting the voltage-driven nonvolatile
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resistance changes of memristors. Thus, the memristor-based
encryption would be a big advantage when working with
memristive cognitive systems.

In memristor-based encryption, the authentication takes
place with reference to the resistance state of the memristor
and is part of the hardware. Hence, it is not susceptible to
brute force attacks, malicious code, and hacking. Software-
based encryption can cause bottlenecks that hinter a high se-
curity level. Furthermore, memristors can process data with
much less power and with higher security level than today’s
software-based encryption systems. We are not aware of a
work where memristor-based encryption and obfuscation
have been investigated so far. After a short introduction, our
work describes the experimental set-up and data analysis
(Sec. II). The results of higher harmonics generation using
memristors are discussed in Sec. III, and the higher harmon-
ics generation of memristors being in high or low resistance
state is analyzed in detail in Sec. IV. In Sec. V, we present a
memristor-based implementation of a source encoding sys-
tem for cryptographic applications and analyze the autocor-
relation of input data and encrypted data. The paper is
concluded in Sec. VI.

Il. EXPERIMENTAL SETUP AND DATA ANALYSIS

Ferroelectric® and unipolar resistive switching®®*’ have
been observed in polycrystalline BiFeO; (BFO) thin film. We
have realized bipolar resistive switching BFO thin films on
Pt/Ti/SiO,/Si substrates with large scale Pt/Ti bottom

© 2014 AIP Publishing LLC
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FIG. 1. Hysteretic current-voltage characteristics of a single layer
Au/BFO/Pt memristor in LRS and HRS with a top electrode area of 0.217
mm? under sinusoidal source voltages vi, = Vosin(27-f1-t) with amplitudes
Vo=7V,5V,and 3 V. The inset shows the measurement circuit.

electrode and with circular magnetron sputtered Au top con-
tacts." The hysteretic current voltage (I-V) measurements
have been carried out using a circuit, where the Au/BFO/Pt/Ti
structure is connected directly with the source. The memristor
is predefined in high resistance state (HRS) by using input
pulse with amplitude —7V before each measurement. As
illustrated in Fig. 1, the I-V curve of a BFO memristor with a
sinusoidal input voltage of Vo=7V shows a repeatable hyste-
retic bipolar resistive switching. The BFO memristor is not
completely switched into low resistance state (LRS) with the
input voltage of amplitude 5 V. With input voltage of ampli-
tude 3V, the BFO memristor remains in high resistance state
and works as a high resistive device with resistance in the gig-
aohm range. The high and low resistance state values of the
BFO memristor are defined as the resistance values in the -V
curve at +2 'V, when the BFO memristor is in HRS or LRS.
For the BFO memristor with a 0.217 mm? top contact area,
the resistance values in HRS and LRS amounts to 1188 MQ
and 13 MQ (Rygrs/Ri rs =91.4), respectively.

For the investigation of second and higher harmonics
generation by using memristors,”® we add a load resistor Ry
into the circuit with a Keithley source meter (Fig. 2(a)) or a
Lock-In Amplifier (Fig. 2(b)) as the input voltage source.
The corresponding Keithley-setup (KL-setup) and Lock-In
Amplifier-setup (LA-setup) are used to determine the power
conversion efficiency (PCE). PCE is the ratio Pp,/Ps

2 T T T 2

J. Appl. Phys. 115, 124501 (2014)
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i(tl—» i
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Vin=V,Sin(217ef1t) Vin=V,Sin(217¢f1 ¢t)

RL RL

FIG. 2. Measurement circuit consisting of a memristor with memristance M,
a load resistor Ry and (a) a 29 point sine wave as source and separately com-
puted current iy at different harmonics (KL-setup) or of (b) with a continu-
ous sine wave as source and directly recorded current i, (LA-setup).

between the power at kth harmonic Py j and the average
source power Pg. For the KL-setup (Fig. 2(a)), a Keithley
2400 is used to source a sinusoidal-like input voltage v;,(t)
over ten periods and to measure the current i(t). The Fourier
transformation is then used to derive the current at different
harmonics i, (k=1, 2, 3, 4).*° For the LA-setup (Fig. 2(b)),
a Lock-In Amplifier SR 830 is used to source a sinusoidal
input voltage continuously and to measure the current iy at
different harmonics (k= 1, 2, 3, 4) directly.

Because of the pulse length restriction of the Keithley
2400 (pulse length of input voltage >0.1 s), the LA-setup is
useful for analyzing the frequency dependence of the PCE
for higher ground frequencies f1. The load resistor Ry works
as a voltage divider and the PCEs are load resistor
dependent.

lll. RESULTS AND DISCUSSION

If we replace the memristor M in Fig. 2 by a linear resis-
tor, it is predictable that the 50% of source power should be
dissipated on the load resistor if the load resistor is equal to
the constant resistor used. From the linear resistor measure-
ment, we can see that 48.535% of the source power are dissi-
pated on the load resistor and nearly no higher harmonics are
generated. Furthermore, the maximum PCE at second har-
monics amounts to only 0.015% and is negligible in compar-
ison to the PCE Py ,/Ps (where k =1, 2, 3, 4) obtained with a
BFO memristor. In Fig. 3, the power ratios Py_,/Pg at differ-
ent harmonics, which are obtained from BFO memristor, are
represented as a function of load resistor R;. In the lower
load resistor range, the PCE curves of the load resistor under
sinusoidal input voltage with frequency 0.357Hz and
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FIG. 3. PCEs at l1st-4th harmonics
’ (red: f1, black: f2, green: f3, and violet:
f4) for an input voltage Vosin(2m-f1-t)
with amplitudes (a) 7V and (b) 3V
measured using the LA-setup (symbols)
o and KL-setup (lines) as a function of
the load resistor R;. The power ratios
are recorded from BFO memristor

) (Rirs =13 MQ, Rprs=1188 MQ).
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f4:0 LA —KL
L L 2 2 ™ L mm?® The transition point Ry ™ is

f1:o LA —KL

f2:o LA —KL TRP
3o LA — KLLOgR

Wk

5 6 7 8 9 B
Log(R (Q)/)

4 5 6 7
Log(R (©Q)/Q)

indicated by a small arrow.



124501-3 Du et al.

TABLE 1. PCEs at the transition point load resistor R; ™8" under sinusoidal
input voltage with amplitude 7V, 5V, and 3 V. The BFO memristor is preset
in HRS before the PCE measurement. Note that for an input voltage of 3V,
the resistance state of the BFO memristor is not switched at all, i.e., the BFO
memristor remains in HRS (Fig. 1).

Vo LOg(RLTRP) P P> P PL4 Zﬁ:l PLk
%) (1 (%) (%) (%) (%) (%)

7 8.100 17.990 6.330 0.725 0.001 25.046
5 8.360 20.130 4.320 0.470 0.002 24.922
3 8.699 21.110 2.810 0.330 0.002 24.252

amplitudes 7V, 5V (not shown), and 3 V depend linearly on
the logarithm value of load resistor. In the higher load resis-
tor range, the PCEs start to saturate. This is because that
with larger load resistors Ry the input voltage mainly drops
over the load resistor, and the BFO memristor is under volt-
age bias less than half of input source amplitude (around
3.5V), and then the BFO memristor works as a gigaohm re-
sistor as described in Fig. 1. Therefore, the generation of sec-
ond and higher harmonics is depressed in the higher Ry
range. Here, we define the transition point (TRP) of the PCE
curves between the lower load resistor and higher load resis-
tor range, and it is calculated as the average logarithmic
value of the resistance Ryrs and R rg

Logio(R1) = (Logio(Riks) ‘;LOglO(RHRS)) . 0

The experimental maximum value of the PCE at 2nd har-
monic amounts to 6.670% at a 300 MQ load resistor (Fig.
3(a)). This value is smaller than the simulated maximum
value of PCE at 2nd harmonic of a thin TiO, film which
amounts to 16.9%.> However, both values are larger than the
PCE at 2nd harmonic of a diode bridge frequency doubler,
which amounts to 4.5%.3° From Fig. 3, we can conclude that
the results obtained with KL-setup and LA-setup agree with
each other except for PCEs at 4th harmonic in the high load
resistor range. This is due to the limited resolution of the
LA-setup.

The PCE values of Ist, 2nd, 3rd, and 4th harmonics
recorded under sinusoidal input voltage with amplitude 7V,
5V, and 3V at corresponding TRPs are summarized in
Table I.

The main part of the average power is dissipated across
the load resistor only if the memristor is in LRS. If a BFO

J. Appl. Phys. 115, 124501 (2014)

memristor with asymmetric [-V characteristics is used
(Fig. 1), the sum of PCEs at TRP amounts to ca. 25%. It is
also shown in Table I that the PCEs of second harmonic Py »
and third harmonic Py 3 at TRPs increases and that the PCE
Pr; decreases with increasing amplitude of input voltage,
respectively. From that follows that under higher amplitudes
less power is dissipated at ground frequency fl across the
load resistor as the generated harmonic power is higher.

The memristive device is fully switched with input volt-
age amplitude 7V and can generate more harmonic power
than the memristive device being only partially switched
with 5V and 3V input voltage as shown for P.; and P 5 in
Fig. 4. From the differences in the power ratios being largest
for an amplitude of 7V, we conclude that the voltage-driven
resistance state of the memristor strongly influences the
power ratio of a given load resistor R;. For cryptography
and cryptanalysis, we suggest to use ca. 1-3 'V large source
amplitudes, which are comparable to the reading bias in
BFO memristors' and will be sufficiently large to distinguish
between the two sets of PCE of second and higher harmonics
generated by the BFO memristor in HRS and LRS.

The hysteretic I-V characteristics of memristors can be
asymmetric,' eight-like,®" or peanut-like.”*** In the follow-
ing, we analyze the PCEs of memristors with three different
hysteretic I-V curves.

The I-V characteristics of the BFO memristor have been
used to model memristive system with other I-V characteris-
tics. Namely, the first period of the asymmetric I-V charac-
teristics (Fig. 5(a)) has been used to model the first period of
a symmetric [-V characteristics, i.e., eight-like hysteresis
(Fig. 5(c)), and of a peanut-like hysteresis (Fig. 5(e)), by
data mirroring and by data mirroring and rotation, respec-
tively. The Ryrs and Rprs for eight-like and peanut-like
hysteresis are defined as resistance values at +2V from the
I-V curve, and the logarithm of both transition point load
resistors R "®F are 8.1 and are the same as the logarithm of
the R ™®F of the asymmetric hysteresis (Fig. 5(a)). The PCE
values at 2nd, 3rd, and 4th harmonics and ground frequency
are listed in Table II. In the memristive system with symmet-
ric I-V characteristics, the whole cycle power is dissipated
on the load resistor and the sum of PCEs at the transition
point load resistor amounts to 50%. As shown in Table II, it
is clear that the PCEs at 2nd harmonic of eight-like and
peanut-like hysteresis are around 1/18 (0.360/6.330) of the
PCE at 2nd harmonic from an asymmetric memristive sys-
tem. The PCEs at 3rd harmonic of a symmetric hysteresis

2 T . T T —— 2 .
(@) AR (b)
- ° o =
0_f1—0.357Hz PR ] 0_1‘2 0.714 Hz Lo 28008 o |
9 P 9 .« o0 o -
> R s L ° FIG. 4. PCEs of a BFO memristor on a
> ol eto S© ]l ool o @ o 2 ] logarithmic scale for input voltage
&x . : L &x +%a® @ with amplitudes 7V, 5V, and 3V of
o~ e © . ° N Vv o R : 0?0 \Vi the (a) ground frequency fl (red) and
S 4r° e 0 1 5 4Fe o° 0 E (b) 2nd harmonic 2 (black) measured
] 2 e 7V S o ° « 7V using the LA-setup as a function of the
6t o 5V i 6 o 5V | load resistor on a logarithmic scale.
I T i i 4 PP Bl
2 8 9 2 8 9

5 6 7
Log(R_(Q)/)

4 5 6 7
Log(R _(Q)/2)
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are more than three times larger than the PCEs at 3rd har-
monic of the asymmetric hysteresis. From a mathematical
point of view, it is because eight-like and peanut-like I-V
characteristics suppress the even harmonics of the Fourier
series, more power is distributed into odd harmonics, and
memristors with symmetric I-V characteristics are useful for
the generation of PCEs at 3rd harmonic.

IV. MULTIPLE HARMONIC GENERATION BY A BFO
MEMRISTOR IN HIGH AND LOW RESISTANCE STATE

Before implementing BFO memristors in cryptography
and cryptanalysis, one has to check whether a memristor in
HRS and LRS generates different sets of higher harmonics.
Single layer BFO memristors can be switched to LRS or
HRS by applying a writing bias of +7V or —7V, respec-
tively.' The power ratios are then measured under sinusoidal

TABLE II. Calculated PCEs at the transition point load resistor R R in se-
ries with a memristive device with asymmetric (experimental), eight-like
(model), and peanut-like hysteretic (model) I-V characteristics at sinusoidal
input voltage of 7 V.

LOg(RLTRP) P, P> PL3 PLa Zﬁ:l PLx
v (1 (%) (%) (%) (%) (%)
Asymmetric 8.100 17.990 6.330 0.725 0.001 25.046
Eight-like 8.100 43700 0.360 2.350 0.030 46.440
Peanut-like 8.100 43,700 0.360 2.470 0.003 46.533

input voltage with amplitude 3 V with the sample remaining
in LRS or HRS (Fig. 6).

If we have a closer look at the power ratio curves at 2nd
harmonic in Fig. 7, for the same load resistor Ry, the PCE of
the memristor in LRS is much higher than the PCE of a
memristor in HRS. This is because the BFO memristor
works as a diode in LRS, which is connected in series with a
load resistor, and as a high-ohmic resistor in HRS (insets in
Fig. 7). In our system, the maximum PCE value at 2nd har-
monic in LRS is 4.072% at load resistor 800 kQ and in HRS
is 0.353% at load resistor 5 MQ. Therefore, the two clearly
distinguishable sets of power ratio curves at 2nd harmonic
can be used for data encryption and obfuscation.

V. DATA ENCRYPTION AND OBFUSCATION

The memristor-based encoding system is demonstrated
in Fig. 8. We suggest to encode the input data in binary form
(0, 1) by correspondingly switching the memristor (LRS and
HRS). In our case, a writing voltage Vyw of +/— 7V is used
to change the resistance state of the BFO memristors with
respect to the input data, and a sinusoidal input voltage with
amplitude 3V is applied to the memristor in order to gener-
ate the higher harmonics from the corresponding memri-
stance state. The multiplexer ensures that either the
memristor state is written or a sinusoidal input voltage with
writing bias Vy or the reading bias Vg is applied to the
memristor (Fig. 8). As an example, here we use two sets of
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FIG. 6. PCEs of a BFO memristor in
(a) LRS and (b) HRS under a sinusoi-
dal input voltage with amplitude 3V
and ground frequency 0.357Hz (fl1
red: ground frequency, f2 black: 2nd
harmonic, f3 green: 3rd harmonic, and
f4 violet: 4th harmonic). The power
ratios are measured in KL-setup in de-
pendence on the load resistor. The
sample is switched in LRS or HRS by
applying a 0.1s long writing pulse of
+7V or =7V, respectively. The area
of the top electrode is 0.089 mm?.

FIG. 7. PCEs at 2nd harmonic of a
BFO memristor in LRS and HRS with
sinusoidal input voltage with ampli-
tude 3V and ground frequency
0.357 Hz. The power ratios have been
measured using KL-setup and are de-
pendent on the load resistor. The sam-
ple is switched in LRS and HRS by
applying a 0.1 s pulse of +7V and
—7V, respectively. The top electrode
area of the sample amounts to 0.089
mm?. The insets show the I-V curves
from the BFO memristor with a zero
load resistor in the reading bias range
where LRS and HRS remain
unchanged.

FIG. 8. Block diagram depicting a
memristor-based source encoding sys-
tem for data encryption and
obfuscation.
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2nd harmonics of a memristor in LRS and HRS to encrypt
binary data “0” and “1,” respectively. As shown before, the
PCEs strongly depend on the resistance state of the memris-
tor and on the load resistor in series with the memristor. In
the demonstrated system, the load resistor values R are gen-
erated by a Pseudo Random Sequence Generator (PRSG)>*
for every input data bit because of its simple implementation
and high speed performance. We suggest to subdivide the
load resistor range into three parts. For PCE values at LRS
(“0”), the load resistor values lie in the range from 0.100 kQ
to 4.570kQ (red arrow in Fig. 9), and for PCE values at HRS
(“1”) the load resistor values lie in the range from 0.030 MQ
to 1.995 MQ (blue arrow in Fig. 9). The load resistor range
between the load resistor range for LRS and HRS is labeled
load resistor range for fixed points (FPs) (black arrow in
Fig. 9).

When a data bit has to be transmitted on the encoder
side (Fig. 8), the PRSG generates a value and a correspond-
ingly selected load resistor value is obtained. If the bit to be
transmitted is a “0” (*“1”), the generated load resistor value
lies in the LRS (HRS) load resistor range, and the corre-
sponding PCE values of the load resistor will be transmitted,
which can range between 1%-100%. Otherwise the input
data is withheld and a zero value is transmitted. If the PRSG
generates a load resistor value in the fixed point range, a zero
value is transmitted. This ensures that there is no ambiguity
to the receiver whether a data transmission was withheld or
not. In total approximately 40% of the LRS and HRS load re-
sistor values are used for encoding the LRS and HRS,
respectively. In the encoding simulation, the load resistor Ry
is represented by 9-bit binary data.

On the decoder side, the received data are first demodu-
lated, decoded, and converted back to its analog form. The re-
ceiver also houses two BFO memristors (Fig. 8): one is
always set to HRS and the other one to LRS. The PRSG at
encoder and decoder are synchronized and have the same
constraints. Therefore, the same random sequence of load

& 100
> &
o 50 O
B o
> 3
1= r o
S 3t &
L =
41
5 > LRS range FP HRS range
" 1 ." 1 ’.‘ 1 " 1 .
2 3 4 5 6

Log(RL(Q)/Q)

FIG. 9. Mapping of the PCEs at the 2nd harmonic versus load resistor R; ..
Using a BFO memristor in LRS or in HRS in series with the load resistor Ry,
the PCE values have been generated. Note that we only use load resistors in
the LRS (HRS) load resistor range to encode the input data “0” (“1”’). For
the BFO memristor, the LRS load resistor range (red arrow) and the HRS
load resistor range (blue arrow) are separated by the FP load resistor range
(black arrow).
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resistors is generated at the encoder and decoder. The
decoded data are fed to both comparators, if the output of
the comparator with input from memristor in LRS is high,
then data “0” is transmitted. If the output of the comparator
with input from memristor in HRS is high, then data “1” is
then transmitted. And if the output of both comparators is
low, a fixed point was transmitted (Fig. 8). Different harmon-
ics fi and reading bias V, both at sender and receiver can be
generated by additional PRSG for further upgrade of security
level.

We put the total abstract text of this work into ASCII for-
mat and obtained a 6600 bit long sequence of data (0, 1). To
test the randomness of the PCE values, we took the first 1217
input data (0, 1) out of the ASCII-encoded abstract text, set
the memristor state (LRS, HRS), and generated the corre-
sponding PCE values using the memristor in series with a
randomly generated load resistor Ry. Finally, the PCE values
have been transformed (1%-100%) by the PCE mapper
(Figs. 9 and 10). In the following, the transformed PCEs are
labeled “Mapped PCEs.” In Fig. 10, (a) 1217 input data (0, 1)
and correspondingly mapped PCEs (1%—-100%) are shown
versus the element number in Ry sequence. The Ry sequence
has been generated using a PRSG. Because only load resistors
in the LRS (HRS) range (Fig. 9) can be used to encode “0”
(““17), the element number in the Ry sequence which is needed
for encoding the 1217 input data (0, 1) amounts to 3000.

The autocorrelation function a(j) of a data sequence
z(m) at jth lag is defined as

20 Lo () = Dalm+) =), @

a(j) =
where a(0) is the variance of the data sequence, Z is the mean
value of z(m), N is the computed data length, and j=1, 2,
3,..., N — 1. Using Eq. (2), we calculated the autocorrelation
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FIG. 10. (a) (left) 1217 input data (0, 1) versus randomly generated elements
of load resistor Ry sequence of length 3000. The 1217 input data (0, 1) are
taken out of the ASCII-encoded abstract text with a total sequence length of
6600. The mapped PCE values (1%—100%) are shown on the right axis. (b)
Autocorrelation function a(j) of input data sequence (left axis) and of
encoded data sequence (right axis). a(j) has been calculated using Eq. (2).
Both data sequences (N=12170) have been repeated 10 times and are
much longer than the maximum lag used (Lag < 3000).
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function a(j) to test the randomness of data sequence. As
shown in Fig. 10(b), the computed autocorrelation function
(ACF) of the input data, which amounts to around 0.396, is
much larger than the ACF of the encoded data, whose aver-
age value amounts to 0.018. The a(j) values suggest that the
encoded data are randomly distributed.

VL. CONCLUSIONS

The efficient generation of second and higher harmonics
has been demonstrated using a BFO memristor. It is con-
cluded that the PCEs at 1st, 2nd, 3rd, and 4th harmonics not
only depend on amplitude of the sinusoidal input voltage but
also on the symmetry of the hysteretic current-voltage (I-V)
characteristics of the memristor. For a given load resistor
and sinusoidal input voltage, the power ratios of a memristor
at 2nd harmonic with asymmetric hysteretic I-V curves are
larger than the power ratios of a memristor with symmetric
hysteretic I-V curves. We suggest to encode the input data in
binary form (0, 1) by correspondingly switching the BFO
memristor (LRS and HRS). Two distinguishable sets of har-
monics are generated by a BFO memristor in LRS or HRS
under sinusoidal input voltage with small reading amplitude.
This can be used for a data transfer system with high data
transfer security, reliability, and robustness. The security
level of the system can be further increased by randomly
choosing the input voltage Vg, the analyzed harmonics, the
fixed point range of load resistors, and a memristor from an
array of memristors. The temperature dependence of the
encryption system is not considered in this work.
Nevertheless, the power ratio values could be different if the
encoder and decoder are working at different temperatures.
Another issue is the low frequency of hardware-based encod-
ing and decoding. If look-up tables are included, which alters
the system into partially software-based encoding and decod-
ing, the frequency of encoding and decoding can be signifi-
cantly enhanced.

ACKNOWLEDGMENTS

N.D. acknowledges the funding by BMWi-ZIM
(VP2999601ZG2). H.S. and D.B. are grateful for the finan-
cial support from the Deutsche Forschungs gemeinschaft
(SCHM 1663/4-1, BU 2956/1-1) and the Networking Fund
of the Helmholtz Association (VH-VI-422). The authors
would like to thank Professor Mathias Schubert from
University of Nebraska-Lincoln for pointing out the initial
flaws in the encoding technique.

J. Appl. Phys. 115, 124501 (2014)

Y. Shuai, N. Du ez al., J. Appl. Phys. 109, 124117 (2011).

’G. Z. Cohen, Y. V. Pershin, and M. D. Ventra, Appl. Phys. Lett. 100,
133109 (2012).

3C. Yang and Q. Huang, Spatial Cloud Computing: A Practical Approach
(CRC Press, 2013), pp. 276-279.

“W. Venters and E. A. Whitley, J. Inf. Technol. 27, 179-197 (2012).

E.E. Schadt, M. D. Linderman, J. Sorenson, L. Lee, and G. P. Nolan, Nat.
Rev. Genet. 12,224 (2011).

V. Marx, Nature 498, 255-260 (2013).

M. Ciampa, Security Guide to Network Security Fundamentals, 4th ed.
(Cengage Learning, 2011).

8]. Joshua Yang, D. B. Strukov, and D. R. Stewart, Nat. Nanotechnol. 8,
13-24 (2013).

°K.-H. Kim, S. Gaba, D. Wheeler, J. M. Cruz-Albrecht, T. Hussain, N.
Srinivasa, and W. Lu, Nano Lett. 12, 389-395 (2012).

10¢c, Mayr, P. Starke, J. Partzsch, L. Cederstroem, R. Schiiffny, Y. Shuai, N.
Du, and H. Schmidt, Adv. Neural Inf. Process. Syst. 25, 1700-1708
(2012).

""D-H. Kwon, K. M. Kim, J. H. Jang, J. M. Jeon, M. H. Lee, G. H. Kim, X.-
S. Li, G.-S. Park, B. Lee, S. Han, M. Kim, and C. S. Hwang, Nat.
Nanotechnol. 5, 148-153 (2010).

'2R. Waser and M. Aono, Nature Mater. 6, 833-840 (2007).

W. Guan, S. Long, R. Jia, and M. Liu, Appl. Phys. Lett. 91, 062111
(2007).

4w -y, Chang, Y.-C. Lai, T.-B. Wu, S.-F. Wang, F. Chen, and M.-J. Tsai,
Appl. Phys. Lett. 92, 022110 (2008).

'>Y. V. Pershin and M. Di Ventra, Adv. Phys. 60, 145 (2011).

1oy, Robinett, M. Pickett, J. Borghetti, Q. Xia, G. S. Snider, G. Medeiros-
Ribeiro, and R. S. Williams, Nanotechnology 21, 235203 (2010).

Q. F. Xia et al., Nano Lett. 9, 3640-3645 (2009).

18], Borghetti, G. S. Snider, P. J. Kuekes, J. J. Yang, D. R. Stewart, and R. S.
Williams, Nature 464, 873-876 (2010).

195 H. Jo, T. Chang, I. Ebong, B. B. Bhadviya, P. Mazumder, and W. Lu,
Nano Lett. 10, 1297-1301 (2010).

2OM. D. Pickett, G. Medeiros-Ribeiro, and R. S. Williams, Nature Mater. 12,
114-117 (2013).

2IAL L. Wu, Z. G. Zeng, X. G. Zhu, and J. Zhang, Neurocomputing 74,
3043-3050 (2011).

22M. Ttoh and L. O. Chua, Int. J. Bifurcation Chaos 19, 3605-3656 (2009).

238, Muthuswamy and P. P. Kokate, IETE Tech. Rev. 26, 417-429 (2009).

2%7. Qi-Shui, Y. Yong-Bin, and Y. Jue-Bang, Chin. Phys. Lett. 27, 020501
(2010).

K. Y. Yun, M. Noda, and M. Okuyama, Appl. Phys. Lett. 83, 3981 (2003).

*°K. Yin, M. Li, Y. Liu, C. He, F. Zhuge, B. Chen, W. Lu, X. Pan, and R.
Li, Appl. Phys. Lett. 97, 042101 (2010).

?’M. Li, F. Zhuge, X. Zhu, K. Yin, J. Wang, Y. Liu, C. He, B. Chen, and R.
Li, Nanotechnology 21, 425202 (2010).

28E. Oskoee and M. Sahimi, Phys. Rev. E 83, 031105 (2011).

2S. Shin, K. Kim, and S. M. Kang, in Proceedings of the IEEE
International Conference on Communications, Circuits and Systems
(2009), pp. 948-951.

30C. Alexander and M. Sadiku, Fundamentals of Electric Circuits, 4th ed.
(McGraw-Hill, 2008).

3K Shibuya, R. Dittmann, S. Mi, and R. Waser, Adv. Mater. 22, 411-414
(2010).

32C. Wang, K. Jin, Z. Xu, L. Wang, C. Ge, H. Lu, H. Guo, M. He, and G.
Yang, Appl. Phys. Lett. 98, 192901 (2011).

3], 1. Yang, J. Borghetti, D. Murphy, D. R. Stewart, and R. S. Williams,
Adv. Mater. 21(37), 3754-3758 (2009).

343, van Leeuwan, Handbook of Theoretical Computer Science, Volume A:
Algorithms and Complexity (Elsevier and MIT Press, 1990).


http://dx.doi.org/10.1063/1.3601113
http://dx.doi.org/10.1063/1.3698153
http://dx.doi.org/10.1057/jit.2012.17
http://dx.doi.org/10.1038/nrg2857-c2
http://dx.doi.org/10.1038/nrg2857-c2
http://dx.doi.org/10.1038/498255a
http://dx.doi.org/10.1038/nnano.2012.240
http://dx.doi.org/10.1021/nl203687n
http://dx.doi.org/10.1038/nnano.2009.456
http://dx.doi.org/10.1038/nnano.2009.456
http://dx.doi.org/10.1038/nmat2023
http://dx.doi.org/10.1063/1.2760156
http://dx.doi.org/10.1063/1.2834852
http://dx.doi.org/10.1080/00018732.2010.544961
http://dx.doi.org/10.1088/0957-4484/21/23/235203
http://dx.doi.org/10.1021/nl901874j
http://dx.doi.org/10.1038/nature08940
http://dx.doi.org/10.1021/nl904092h
http://dx.doi.org/10.1038/nmat3510
http://dx.doi.org/10.1016/j.neucom.2011.04.016
http://dx.doi.org/10.1142/S0218127409025031
http://dx.doi.org/10.4103/0256-4602.57827
http://dx.doi.org/10.1088/0256-307X/27/2/020501
http://dx.doi.org/10.1063/1.1626267
http://dx.doi.org/10.1063/1.3467838
http://dx.doi.org/10.1088/0957-4484/21/42/425202
http://dx.doi.org/10.1103/PhysRevE.83.031105
http://dx.doi.org/10.1002/adma.200901493
http://dx.doi.org/10.1063/1.3589814
http://dx.doi.org/10.1002/adma.200900822

