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Abstract: - Memristive computing will be advantageous in large-scale, highly parallel mixed-mode processing 
architectures because processing can be performed directly within memristive memory architectures and intra-
chip communication can be implemented by a memristive crossbar structure with reconfigurable logic gates. 
Here we report on the development of a new concept for in-memory adders, using XOR functionality. 
Exploited memristive crossbar structures are based on memristive complementary resistive switches, e.g. TaOx, 
and BiFeO3.  
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1 Introduction 

For today’s data-intensive applications, the data 
storage and processing is becoming more and more 
challenging due to the ongoing increase of data 
volume [1]. Especially big data problems such as 
genome decoding require analysis of large data sets 
stored in memory. According to the ITRS roadmap 
there are several emerging non-volatile memory 
technologies which could ease the data storage issue 
[2]. Particularly redox-based resistive switches 
(ReRAMs) [3, 4], also called memristive devices or 
memristors for short [5-7], are among the most 
promising candidates as future ultimately scaled 4F2 
memories (F: feature size). Most ReRAM devices 
offer filament-type switching behavior, but some 
materials, especially perovskites, show interface-
type switching [8-11]. The advantage of interface-
type switching materials is that both resistive states, 
the high resistance state (HRS) and the low 
resistance state (LRS), scale with the feature size F. 
Moreover, memristive devices enable basic  

in-memory logic operations [12]. Therefore, they 
supersede the separation of arithmetic logic unit 
(ALU) and memory, which is present in common 
von-Neumann computer architectures [13]. The 
avoidance of memory-accesses in combination with 
the feasibility of massive parallel computations 
makes memristive crossbar array-based 
architectures highly attractive for future energy-
efficient data-intensive processing units [14, 15]. To 
avoid parasitic currents in passive crossbar array 
architectures, typically a two-terminal selector 
device is required [16]. Alternatively, two anti-
serially connected cells, a complementary resistive 
switch (CRS) [17] or a device offering inherent 
selector mechanism can be applied. There are 
several types of devices which offer either (1) 
inherent non-linear branches (NL) [18], (2) inherent 
threshold switching behavior (TS) [19], (3) 
complementary switching (CS) [20] or (4) flexible 
barrier switching (FBS) [21]. The use of FBS cells 
combines two advantages: First, those devices are 
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energy-efficient [22], offer excellent scaling 
properties due the area-dependent resistance [23], 
and second, enable non-destructive read-out 
procedures. The first sequential logic concept using 
memristive devices was proposed by Borghetti et al. 
[24] requiring several devices and multiple steps 
while crossbar array compatibility is limited [25].   
An advanced concept enables 14 out of 16 Boolean 
logic functions with a single device and is suitable 
for CRS cells [13]. Recently, a further enhanced 
concept which enables all 16 Boolean functions 
with a single device was presented in [12]. This 
approach is suitable for FBS cells and CRS cells 
[46]. Boolean logic functions can be used to make 

binary arithmetics, namely adders, subtractors, 
multipliers, and dividers. For example, a binary 
adder is a logic unit which produces the sum of two 
binary numbers. In many computers the adder is not 
only used in the ALU but also in other parts of the 
processor, where adders are used to calculate 
addresses, table indices, and similar operations. 
There are several in-memory-adder concepts 
available: (1) the adder concept proposed by 
Lehtonen et al. using the basic IMPLY logic [26], 
(2) an optimized serial adder suggested by 
Kvatinsky et al. [27] (both using 1R devices) and 
(3) a sequential adder based on the CRS logic [28]. 
In this work we will show how in-memory adders 
based on XOR-functionality can be realized based 
on BiFeO3 and CRS crossbar arrays, respectively. 
As a rule of thumb it can be noted that device 
concepts can be simplified the more Boolean logic 
functions can be realized bythe memristive device. 
The paper is structured as follows: In Sect. 2 we 
discuss fabrication of memristive devices and of 
memristive modelling. In Sect. 3 we discuss 
implementation of in-memory logic functionality in 
memristive switches with flexible barriers and 
filamentary switching. Finally, we compare the 
functionality of the recently introduced toggle cell 
adder [28] and of the novel XOR-based in-memory 
adder in terms of cycle count and area consumption. 
The paper closes with a summary and outlook. 
 

2 Device concept 

In the following we discuss the realization of novel 
XOR-basedin-memory adders using FBS. For 
example, one or a 5 x 5 crossbar arrays (Fig. 1) with 
memristive (=nonvolatile +resistive) BiFeO3 
switching cells on CMOS-compatible electrodes, 
e.g. on TiN and TaN can be used. BiFeO3 can be 
deposited by two deposition techniques with a 
different temperature gradient and corresponding 
different Ti diffusion during the BiFeO3 thin film 
growth, namely by pulsed laser deposition and by 
magnetron sputtering. In addition to the temperature 
gradient during the BiFeO3 thin film growth, the 
profile of fixed Ti+ donors is controlled by a local 
Ti+ ion implantation into the CMOS compatible 
bottom electrode. The profile of mobile oxygen  

 

Fig. 1 (A) Chip overview (1 cm x 1 cm), (B) Single 
5x5 crossbar array with 25 BiFeO3 FBS devices, (C) 
Mask level for Ti+ implantation and/or Ar+ 
irradiation on cross points before deposition of top 
electrodes (bitlines). 
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vacancies is controlled by the ambient pressure and 
substrate temperature during BiFeO3 thin film 
growth and by Ar+ ion irradiation. For 
implementation of accurate memristive models of 
ReRAM devices a sound physical picture of the 
device and a wide range of experimental data 
covering both the quasi-static I-V characteristic as 
well as dynamic behavior is needed. Possible 
physical mechanisms for each device region have to 
be identified to derive corresponding transport 
equations. This approach will enable the realization 
of a generic device model. Later data from electrical 
characterization will be used to decide which of the 
feasible mechanisms is able to describe the 
measurement data best. Finally, the best model 
parameters can be extracted and incorporated into 
the circuit model (Fig. 2). Another issue for 
nanoscale memristive devices is the device 
variability. To check for the validity of the model, 
multi-element simulation have to be conducted. 
Based on a generic device model the energy 
consumption can be estimated. In this work we 
present the device concept only and compare 
existing ECM-CRS, VCM-CRS, and selector-based 
(1S1R) adder implementation with the new BiFeO3 
in-memory adder qualitatively. Finally, we will give 

a quantitative analysis of the resulting cycle count 
and device count.  
 
3 Memristive crossbar structures  
3.1 In-memory logic functionality using non-
volatile resistive switches  

Redox-based bipolar resistive switches (BRSs) can 
be either electrochemical metallization (ECM) cells 
or valence change mechanism (VCM) devices [3]. 
ECM cells offer filamentary switching, whereas 
VCM cells either offer flexible barrier switching 
(FBS) [12] (Fig. 3 A, B) or filamentary switching 
[17] (Fig. 3 C, D). For BRS cells in general a serial 
selector is required to reduce parasitic current paths, 
whereas for some FBS devices the inherent non-
linearity of the low resistive current branch is 
sufficient to suppress parasitic currents. Especially 
the BiFeO3-based FBS cells offer good selectivity, 
high endurance, and retention [29-31]. Two-layer 
BiFeO3 memristors offer two complementary pairs 
of storing states (PHRS/NLRS and PLRS/NHRS) 
which can be accessed by positive or negative 
voltage write voltages, respectively (Fig. 3 A,B). 
Since the current characteristic in each state is 
polarity dependent both storage states are 
distinguishable, enabling a non-destructive read-out 
of this device. Furthermore, for area dependent 
switching properties the total current scales with the 
feature size [23], thus low power operations will be 
realizable for small feature sizes F [22]. As the 
resistive switching in BiFeO3 FBS cells is 
electroforming-free and analog, we could perform 
memristance measurements [32], develop a new 
hardware-based cryptography approach [33], and 
reveal spike-timing dependent plasticity [34]. For 
filamentary ECM and VCM devices there is another 
option to avoid sneak paths: the anti-serial 
connection of two devices, called complementary 
resistive switch (CRS). In Fig. 3 C a ECM-type 
CRS cell is depicted. This cell consists of Pt top and 
bottom electrodes, a Cu middle electrode and solid  

 

Fig. 2 (A) Equivalent circuit model of a TaOx 
resistive switching device. The auxiliary circuit for 
the state variable calculation (mean oxygen vacancy 
concentration at the upper interface) is not shown. 
[38] (B) Equivalent circuit model of a BiFeO3 FBS 
cell. Each interface is a state variable dependent 
Schottky diode. The bulk region is a state variable 
independent region. The oxygen vacancy 
concentration at the interfaces is calculated in 
auxiliary circuits points before deposition of top 
electrodes (bitlines). 
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electrolyte, e.g. GeS, in between the electrodes. The 
device offers two storing states (HRS/LRS and 
LRS/HRS) and a third state (LRS/LRS) which is 
only accessed during read operation.  Since both 
storing states are overall high resistive, CRS cells 
offer an inherent selector mechanism [17, 35-36]. In 

terms of logic in-memory operation according to 
[13], each device can be considered a finite state 
machine offering two states: LRS (Z = ’1’) und 
HRS (Z = ’0’) (BRS cell), HRS/LRS (Z = ’1’) and 
LRS/HRS (Z = ’0’) (CRS cell) cf Fig. 3 D. For the 
logic operation input voltages |Vlogic| larger than the 
given threshold voltage |Vth| are needed. By 
applying the input voltages (+|Vlogic|/2 (‘1’) or 
−|Vlogic|/2 (‘0’)) to the terminals T1 and T2, the logic 
operation is conducted. The result is directly stored 
as the memory state Z. It is important to note that 
the previous state Zprev can be considered as a third 
input variable to the logic function. For realizing an 
adder with RIMP and NIMP logic operations (Fig. 
4), the new state is calculated as follows [13]:  

   prev prevT1 RIMP T2 T1 NIMP T2Z Z Z     
(1) 

The logic operation p RIMP q is exemplarily 
described in the following (Fig. 2 A). First, the 
device is initialized to state Zprev = ’1’ by applying 
‘1’ to terminal T1 and ‘0’ to terminal T2. Next, the 
variable p is applied to terminal T1 and q is applied 
to terminal T2:  

Z = (p RIMP q)`1´ = p RIMP q                          (2) 

After this operation the final result is stored as 
resistive state in Z and no further step is required. 
Using for example ECM-CRS cells  the TRUE and 
FALSE operations require only one configuration 
step, whereas p IMP q, p RIMP q, p NIMP q, 
p RNIMP q, p, q, NOT p, NOT q require two 
configuration steps. The functions p AND q, 
p NAND q, p OR q, p NOR q require three 
configuration steps [13]. For direct implementation 
of p XOR q and p XNOR q a second device would 
be needed in this approach. In the second concept 
according to [12], each logic operation using 
BiFeO3 devices requires two configuration steps. 
The final read-out polarity r (marked by grey color 
in Fig. 4 A, B) is operation and input dependent. 
r = 1 corresponds to a positive readout voltage, 
whereas r = 0 corresponds to a negative readout 
voltage. The RIMP functionality using this approach 
is exemplified in Fig. 4 B. In this concept, the read 
output corresponds to this general logic function: 

 

 

 

Fig. 3 (A) Equivalent circuit model of a TaOx 
resistive switching device. The auxiliary circuit for 
the state variable calculation (mean oxygen vacancy 
concentration at the upper interface) is not shown. 
[38] (B) Equivalent circuit model of a BiFeO3 FBS 
cell. Each interface is a state variable dependent 
Schottky diode. The bulk region is a state variable 
independent region. The oxygen vacancy 
concentration at the interfaces is calculated in 
auxiliary circuits points before deposition of top 
electrodes (bitlines). 
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Out = ((T1 RIMP T2)𝑍prev + (T1 NIMP T2)Zprev
̅̅ ̅̅ ̅̅ ̅) ∙ r+. . .

… +
  ((T1 RIMP T2)Zprev + (T1 NIMP T2)Zprev

̅̅ ̅̅ ̅̅ ̅)
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

∙ r̅

 

(3) 

For p RIMP q, the device is first initialized to 
Zprev = ’1’. Then, the second step of the logic 
operation is conducted. Finally, the read-out is 
conducted, using r = 1 for the RIMP function. Thus, 
the equation simplifies to: 

Out = ((p RIMP q) ´1`)´1` = p RIMP q              (4) 

The concept according to [13] was first verified by 
means of memristive simulation for both ECM-type 
[25, 37] and VCM-type devices [38, 39]. Next, the 
experimental verification was done for TaOx-based 
VCM-type CRS in quasi-static and pulse mode [39]. 
The second concept was introduced and 
experimentally verified by means of FBS devices in 
[12]. The feasibility of all 16 Boolean functions 
with a single device was revealed there. In [46] it 
was shown that the FBS approach using a 
conditional readout can be also adopted to CS and 
CRS devices. However, it has to be noted that the 
read-out destroys the state of ECM-CRS cells and 
necessitates a write-back step.  

 
3.2 Developing adders using RIMP and 
NIMP functionality  

Using the elementary logic concept from Ref. [13], 
more complex logic functions can be realized. In 
[28] a CRS-based sequential in-memory adder was 
proposed. There, the calculation is performed in one 
wordline of a n x n passive crossbar array. In the 
crossbar array configuration, each device is 
connected to a wordline WL (terminal T1) and a 
bitline BL (terminal T2). In Fig. 5 A a 
corresponding 4F2 passive crossbar array consisting 
either of ECM-CRS or BiFeO3 FBS devices is 
depicted. To enable in-memory adders in passive 
crossbar arrays, the available array size is a very 
important value, since the ratio between the size of 
the control logic and the array size will decrease 
with increasing array size (Fig. 5 B). In this respect 
the use of BiFeO3 devices offering an inherent select 
mechanism is highly attractive, since BiFeO3 
devices are expected to enable large and scalable 
crossbar arrays.  

To realize the adder functionality, the wordline is 
initialized to the input carry c0 first (Fig. 6). Next, 

 

 

Fig. 4 Realization of the logic function (A) p RIMP 
q and (B) p NIMP q using ECM-CRS (resistance 
states in green color) and BiFeO3 (resistance states 
in red color) devices. In a 1st step the initialization 
takes place. In a 2nd step the logic operation is 
performed and the result is stored as resistive state 
in the ECM-CRS and BiFeO3 device [12, 13]. If a 
variable read-out operation (for RIMP and NIMP: 
r = 1) is conducted as part of the logic operation, all 
16 Boolean functions can be realized with a single 
device (third step marked by grey color) [1]. 
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the carry of the next significance (c1) is calculated 
in only one step. The calculation of the sum bit (si) 
requires two steps. These steps are repeated for each 
significance 0 to N. Note, to enable the final sum 

calculation, the value of ci+1 has to be read-out 
prior to this operation. For CRS devices this 
requires a destructive read-out and subsequent 
writeback (Toggle Cell (TC)-adder approach) or a 
second wordline performing the auxiliary 
calculation of the carries (PreCalculation (PC)-adder 
approach). The complete cycle flow graph 
implementing the TC-adder functionality is depicted 
in Fig. 6. From this flow graph one can see that the 
number of cycles increases linearly with the bit 
width of the input operands. The CRS-based adders 
according to [28] require 4N+5 cycles (TC-adder) 
and 2(N+1)+2 cycles (PC-adder), whereas earlier 
adder implementations require 89N [26] or 29N 
cycles [27]. Moreover, also the device count for the 
CRS-based adders [28], which is directly connected 
to the required memory area, is less than in the 
previous adder implementations.  

By using FBS devices the number of cycles can be 
further reduced since no writeback steps are 
required, as shown also for 1S1R devices recently 
[47]. Moreover, by using the logic paradigm 
introduced in [12] also adder implementations 
requiring less switching cells are feasible.   
 
3.3 Developing adders using XOR 
functionality  

Two different in-memory adder concepts, one using 
RIMP and NIMP functionality and the other using 
XOR functionality can be exploited using 
memristive 5x5 crossbar arrays. In the following we 
wish to show how in-memory adders can be 
implemented in CMOS-compatible array structures 
(Fig. 5) using memristive switching BiFeO3 cells 
with XOR functionality, e.g. in single wordlines of 
BiFeO3 5 x 5 crossbar arrays. In Sect. 3.2 we have 
shown how in-memory adders can be realized with 
RIMP and NIMP functionality. According to the 
logic concept introduced in [12] also XOR 
functionality is available in BiFeO3 FBS devices. 
Therefore, we have explored in-memory adders with 
XOR functionalities. In contrast to the previously 
considered adder concept, the read-out in the 
alternative adder concept is part of the logic 
operation. Thus the number of read-out steps 
increases. On the other hand, the number of required 

 

 

Fig. 5 (A) Schematic representation of logic gates 
on an array structure with 5 wordlines WL and 5 
bitlines BL. The logic gates ECM-CRS devices 
(green circle) or BiFeO3 FBS devices (red circle) (s. 
a. Fig. 3). (B) The size of the control logic depends 
on the sum of wordlines and bitlines (#WL + # BL), 
whereas the array size scales with the product 
between wordlines and bitlines (#WL x # BL). 
Larger array structures will have much smaller 
control logics in comparison to the array structure 
size. Adapted from [1].   

PROOF 
DOI: 10.37394/232020.2021.1.12 Eike Linn, Heidemarie Schmidt

E-ISSN: 2732-9941 85 Volume 1, 2021



devices can be reduced in comparison to the PC-
adder. Without introducing any kind of optimization 
a maximum number of 7N+1 steps is required to 
perform the addition (Fig. 7 B). The first step is the 
initialization step. In the second step, the c0 carry is 

programmed to the cells. In the case c0 = 0 a 
common addition is carried out. In case of c0 = 1 a 
subtraction using two’s complement is enabled. 
Note that in this case the second operand is inverted. 
The next four steps are performed in a loop for N-1 
times, where N is the bit width of the operands. 
First, the carry of the next significance and the 
preliminary sum are calculated. Next, the carry is 
read, and the sum bit is calculated. In case of the 
destructive read-out in ECM-CRS devices, a write-
back step is required. Note, that for BiFeO3 FBS 
devices this step is not required.  
 
4 Conclusions and outlook 

We have developed a new in-memory adder concept 
using XOR functionality and compared it to recently 
introduced PC and TC adders based on  RIMP and 
NIMP functionality. For that we exploited the 
functionality of memristive crossbar array structures 
with BiFeO3 FBS cells or ECM-CRS cells, 
respectively.. The number of arithmetic cycles 
increases linearly with the bit width of the input 
operands. Without introducing any kind of 
optimization a maximum number of 7N+1 steps is 
required to perform the in-memory addition with 
BiFeO3 FBS cells. For CRS devices addition 
requires a destructive read-out and subsequent 
writeback (compare Toggle Cell (TC)-adder 
approach) or a second wordline performing the 
auxiliary calculation of the carries (compare Pre-
Calculation (PC)-adder approach). The initial CRS-
based adders require 4N+5 cycles (TC-adder) and 
2(N+1)+2 cycles (PC-adder), whereas earlier adder 
implementations require 89N [26] or 29N cycles 
[27]. The most relevant metrics are energy per 
operation, cycle count and device count, i.e. 
crossbar array size. However, so far we excluded the 
comparison of overall hybrid CMOS/crossbar array 
system to an all-CMOS implementation, since one 
would need to implement all the CMOS parts in a 
current technology to obtain accurate performance 
values. In the future we will develop concepts for 
in-memory subtractors, multipliers and dividers, too. 
Furthermore, we plan to investigate how 
functionality, variability, and parasitic effects in 
overall hybrid CMOS/crossbar arrays can be 
controlled by exploiting the novel transport 

 

Fig. 6 Cycle flow graph of the TC-adder. The first 
step is the initialization step. In the second step, the 
c0 carry is programmed to the cells. In case c0 = 0 a 
common addition is carried out. In case c0 = 1 a 
subtraction using two’s complement method is 
enabled. Note that in this case the second operand is 
inverted. The next four steps are performed in a loop 
for N-1 times, where N is the bit width of the 
operands. First, the carry of the next significance 
and the preliminary sum are calculated. Next, the 
carry is read, and the sum bit is calculated. In case 
of the destructive read-out in ECM-CRS devices, a 
write-back step is required. Note, that for BiFeO3 
FBS devices this step is not required. Finally, carry 
of significance N+1 and the sum bit N are 
calculated. In case of subtraction using two’s 
complement method, the carry of significance N+1 
is discarded. From [28]. 

PROOF 
DOI: 10.37394/232020.2021.1.12 Eike Linn, Heidemarie Schmidt

E-ISSN: 2732-9941 86 Volume 1, 2021



properties in BiFeO3–type memristive switching 

cells.   
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