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Abstract—Precision low-voltage rectifiers are important 
building blocks for analog signal processing. In this paper, a 
full-wave rectifier based on two Bipolar Memristive Systems 
with the Threshold and one inverter is presented. The 
traditional approach based on OpAmp and diodes exhibits 
undesirable effects caused by diode commutations and 
OpAmp imperfections. The PSpice simulation results are 
included. 
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I.  INTRODUCTION 
In recent years, the number of papers devoted to 

applications of memristive systems for analog signal 
processing is permanently increasing. It follows from the 
analysis of the extensive database of the references devoted 
to memristors and other memory elements [1]. Many designs 
start from the traditional analog solutions. At the final stage, 
the internal resistor is subsequently replaced by its memory 
version, thus the memristor [2-4]. It opens-up the possibility 
of an elegant electronic control of the application. In fact, 
the authors do not discuss the unavoidable signal distortion, 
the offset and other issues which follow directly from the 
principle of the memristor [3], [4]. Other problems are 
connected with the confusions generated by the dis-
interpretation of the behavior of real memristive systems 
which exhibit – in contradiction to the frequently used 
simple model of the HP memristor [5], the threshold 
property and much more complicated dynamic behavior. As 
a result, some of the suggested analog applications of 
memristors can bring more disadvantages rather than being 
innovative and beneficial, and their practical workability 
beyond the SPICE environment is rather problematic. 

The professional synthesis of memristor-based 
applications would benefit from the unique characteristics of 
memristive systems. However, such solutions are rare [6-10]. 
Some of them are summarized in [11].  

Different applications require different characteristics of 
memristive systems. For example, memory and logic 
applications need the elements not only for the calculation 
and control, but also the ability to store data after the 
calculation. Reading and writing the data in these elements 
should be done sufficiently fast; moreover, the readout 
mechanism must be non-destructive for stored data. To store 
a known digital state in nonvolatile way and concurrently 
maintain a low sensitivity to the parameter variation and 
changing the operating conditions, the noise immunity, the 

stand-by as well as transient read-write power consumptions 
may be critical issues. 

In analog applications, the characteristics of memristors 
used in the design strongly depend on the regime of the 
operation (linear, nonlinear, fixed or adjustable parameters, 
(non)volatility requirements, etc.).  

The analysis given below starts from the paper [11], 
which specifies the requirements for the characteristics of a 
memristive system which would be useful for its practical 
utilization in various areas of the analog signal processing. 
The bipolar memristive system with the voltage threshold 
(BMST) [12-14] is selected as a useful type for a signal 
rectification. It is shown that, when properly selecting its 
parameters, it behaves as a low-voltage diode. Simple full-
half memristor-based rectifier is proposed, and its operation 
is verified via SPICE simulation. In contrast to the 
memristive rectifier proposed in [15], which resembles a 
classical Graetz bridge rectifier, our circuit employs two 
memristive elements and one voltage inverter. 

II. MEMRISTIVE SYSTEMS FOR NONLINEAR CIRCUITS 
The ideal voltage-controlled memristor as the fourth 

fundamental circuit element [16] is defined as a two-
terminal device with port and state equations 

 vxgi )(=                                     (1) 

 vx
dt
d

=                                       (2) 

Where i and v are the memristor current and voltage, x is 
a state variable, and g is a function, nonlinear in general, 
modelling the memductance as a function of the state. It is 
obvious from the differential equation (2) that the state 
variable x is in fact the integral of voltage, denoted as flux. 

However, designing practically operating devices 
utilizing the memristors must take into account two factors: 
1) Some of the ideal parameters of the memristor modeled 
via the above equations would bring essential practical 
problems (especially the issue of infinite memory depth” [17] 
and the ability of integrating, thus amplifying any offset). 2) 
Today’s manufactured specimen of various memristive 
devices exhibit the behavior that cannot be described by 
such primitive models. For the purposes of designing 
memristor-based rectifiers, the above problems can be 
partially solved via utilizing the so-called Bipolar 
Memristive system with a Threshold (BMST), or via similar 
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memristive system based on BMST, acting as nonlinear 
resistor with the threshold voltage decreased as much as 
possible towards zero. 

The simplest BMST model, useful for such purposes, 
can be described by the following modified port and state 
equations: 

 vRi M
1−=                                (3) 

 ( )M L
d R f v
dt

=                            (4) 

The port equation (3) defines the state-dependent Ohm’s 
law between the terminal voltage and current. The 
memristance RM serves as the state variable whose derivative 
with respect to time depends, according to (4), on the 
product of nonlinear function fL. The function fL shown in 
Fig. 1 depends on the terminal voltage, introducing the 
voltage threshold property into the behavior of the element. 
The corresponding threshold limits Vt- and Vt+ provide the 
offset and drift immunity. Its values also affect the measure 
of the nonlinear operation of this device, which can be 
different for concrete application. For low-voltage 
rectification, the voltage threshold levels should be as low as 
possible. 

 
Figure 1.  Example of graph of function fL [11]. 

The above-threshold region is characterized by the slope 
β [A-1s-1] of fL(v). It is obvious from Eq. (4) that the 
parameter β controls the speed of developing the RM, thus 
the system dynamic behavior in the transitional regime. 

However, the above model does not introduce the RM 
limitation by saturating states Ron and Roff. For relative high 
values of β (in hundreds of GA-1s-1), the system operates 
practically in a bistable regime within two limit states ON 
and OFF. In ON (OFF) state, the internal memristance RM is 
relatively low (high). The above limitation is modeled via 
the window function w(RM, v) in the modified state equation 

 ),()( vRwvfR
dt
d

MLM =                         (5) 

 

 
Figure 2.  Graph of Biolek window function w [11]. 

The mechanism of such a windowing is illustrated in Fig. 
2. Switching from one state to another is dependent on the 
terminal voltage of BMST. For positive voltage above the 
threshold value, the window function is 1 for memristance 
below Roff, thus the RM derivative is positive according to Eq. 
(5), and it increases towards its upper limit Roff.. In the 
proximity of this boundary the window function switches its 
value to zero and the memristance stops moving. If the 
voltage changes its sign, the operation continues analogously, 
according to the curve on the right side of Fig. 2, towards the 
other limiting state Ron.  

The above window function, published in rather different 
form by Biolek et al in [18], can be described by the 
following formula: 

 )()()()(),( onMMoffM RRvRRvvRw −−+−= θθθθ  (6) 

Where   denotes the unity step function. 
The window function from Eq. (6) has been used 

hereinafter for SPICE simulations. This window works 
reliable in the SPICE environment and it also prevents the 
well-known “stick effect” at boundaries. 

The results of the SPICE DC analysis of the BMST 
device is shown in Fig. 3 in the form of the current-voltage 
DC plot IM vs. VM. The following parameters were used for 
the simulation: Ron = 100 Ω, Roff = 100 kΩ, β = 1014 A-1s-1,  
Vt = 0.1 V. 

 

 
Figure 3.  Current-voltage characteristic of BMST for Vt = 100 mV. 

A typical “butterfly” effect around the v-i origin can be 
observed, caused by the effect of nonzero threshold levels 
(here 0.1 V). After switching the memristive device into its 
boundary state, it behaves as linear resistor. It is obvious that 
for such a case, the BMST acts as a two-state linear resistor 
whose state switches between either states depending on the 
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polarity of the terminal voltage. For Roff >> Ron, it can be 
used as a diode.  

The threshold effect of the current-voltage characteristic 
in Fig. 3 can be smoothed away after decreasing the 
threshold levels, for example to Vt =1mV. The 
corresponding simulation results are shown in Fig. 4. 

 

 
Figure 4.  Current-voltage characteristic of BMST for Vt = 1 mV. 

The limiting parameters for such a design are nonzero 
threshold voltage, nonzero memristance in ON-state, Roff/Ron 
ratio, and finite switching time between both states which 
limits the rectifier dynamics. 

According to the belief of the authors, the memristive 
systems, BMST being of one of them, will be manufactured 
with their prescribed characteristics in the near future. For 
the purpose of the simulations, concrete parameters, 
specified below, have been used in order to optimize the 
performance of the rectifier.  

III. FULL-WAVE MEMSYSTEM-BASED RECTIFIER 
The proposed full-wave rectifier in Fig. 5 employs two 

BMST operating in two states ON and OFF, modeled by 
Eqs. (3), (5), and (6), with a careful selection of the crucial 
parameters of the model, particularly the threshold voltage 
Vt and the slope β. As shown in Fig. 5, in addition to two 
memristors, the circuit utilizes only one simple voltage 
inverter. This brings an advantage of a high dynamic range 
of the operation. 

 
Figure 5.  Full-wave memsystem-based rectifier. 

Both BMSTs “sharply” change their internal 
memristances between Ron and Roff depending on the 
polarities of their terminal voltages. The voltage inverter 
provides the required voltage for the BMST RM1. The circuit 
operates on the principle of MAX circuitry, for the first time 

described in [7], and also applied in [11] and [15]. Due to 
anti-series interconnection of the BMSTs, the current 
flowing through enforces to switch these devices always into 
two different states. If positive voltage appears at the input, 
the inverter supplies the BMST RM1 by its inverted copy, and 
the RM2 (RM1) memristor gets to the ON (OFF) state. As a 
result, the output voltage will be practically equal to the 
input voltage. For a negative polarity of the input voltage, 
the states of the BMST are interchanged, and the output 
voltage will be given by the output voltage of the inverter.  

The parameters of both memristive devices were selected 
as follows: the BMSTs are identical with symmetric fL 
function, with the threshold voltage Vt = 1 mV, and with the 
slope β = 1014 A-1s-1. The limiting values of memristances 
Ron = 1 Ω, Roff = 1 MΩ. High slope of fL function above the 
threshold voltage ensures a fast switching between limiting 
ON and OFF states. The result of the SPICE transient 
analysis of the proposed circuit for 5 V/10 kHz sinusoidal 
excitation is shown in Fig. 6. 

 
Figure 6.  Transient analysis of the proposed full-wave memrectifier with 

Vt = 1 mV. 

 
Figure 7.  Transient analysis of proposed full-wave memrectifier with Vt = 

100 mV. 

It should be noted that, in comparison to the classical 
ideal memristor, the advantage of the BMST consists in its 
insensitivity to the initial state of the memristance. This fact 
was also verified via the simulation. 

As already mentioned above, the threshold voltage Vt 
plays an important role for the mem-rectifier performance. 
The threshold levels should be symmetrical (Vt+ = -Vt- = Vt) 
and as small as possible. It is necessary to find a 
compromise between the accuracy of rectifying low-level 
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signals and the memelement immunity to the ubiquitous 
offset and drift. The transient analysis in Fig. 7 of the same 
circuit but with a higher threshold voltage of both BMST, 
specifically Vt = 0.1 V, demonstrate that the distortion of the 
output signal around zero considerably increases. 

IV. CONCLUSSION 
It is shown in the paper that the memristive device of 

BMST type (Bipolar Memristive System with Threshold) 
can be a promising building block for nonlinear analog 
applications. In the case of its fabrication as a nano-device, it 
can be also advantageously used for low-voltage ultra-low-
power designs. It is important that five device parameters, 
namely Ron, Roff, Vt+, Vt-, and β, can be used for 
accommodation of this block for its optimum performance 
in various applications. For a specific set of these parameters, 
the two BMSTs together with one voltage inverter can serve 
as a full-wave rectifier. In addition to the classical OpAmp-
based rectifiers, its accuracy and speed can be optimized 
independently via tweaking the threshold voltage, Ron, Roff 
(accuracy) and the slope β (speed). 
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