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Abstract. Recently, many reactance-less memristive relax-
ation oscillators were introduced, where the charging and
discharging processes depend on memristors. In this paper,
we investigate the power dissipation in different memristor
based relaxation oscillators. General expressions for these
memristive circuits as well as the power dissipation formulas
for three different topologies are derived analytically. In ad-
dition, general expressions for the maximum and minimum
power dissipation are calculated. Finally, the calculated
expressions are verified using PSPICE simulations showing
very good matching.
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1. Introduction

Recently, memristors have proved their promising abil-
ities in different applications. The history of the memristor
dates back to 1971 when Chua postulated the existence of the
missing element [1]. Then later, in 2008, HP announced that
they found the missing element and presented the first simple
model of the memristor [2]. Since this date, the memristor
has received intensive attention from the research commu-
nity in various fields. Different models have been introduced
depending on the physical implementation of the memristor
[3], however, the solid state samples are not commercially
available yet. So many emulator circuits are designed to
mimic the behavior of the memristor [5], [6], [7], [8]. In
addition, different SPICE models were presented to fit the
memristor behavior [9], [10], [11]. During the last few years,
several papers have been published about the memristor and
its unique characteristics besides its applications. Memris-
tors are used in chaotic systems, non-volatile memory, pattern
recognition, neural networks, digital circuits, programmable
analog circuits, circuit modeling, and oscillators [3], [4].

Oscillators are one of the basic building blocks of any
electronic systems. Recently, the memristor has been used
to build the oscillator circuits — for instance, the memristor
has been used instead of resistors in sinusoidal oscillators
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such as Wien oscillators [12]. In the memristor based Wien
oscillator, the poles of the system oscillate however sustained
oscillation is maintained owing to the properties of the mem-
ristor. Recently, reactance-less memristive relaxation os-
cillators are a novel topic in the circuit theory, where the
charging and the discharging of the reactive elements is em-
ulated by the memristor. Different realizations of symmetric
and asymmetric memristor based relaxation oscillators have
been introduced in [13], [14], [15]. The main advantage of
the memristor-based oscillators is that they are fully inte-
grable on-chip due to their nano-scale dimensions. However,
in case of the low frequency relaxation oscillator, a large
value capacitor is needed which is not integrable on-chip.

In [2], the current-voltage relationship of the memristor
was described by

v(#) = (xRon + (1 = x)Roft)i(1), (1a)
dx .
i ki(t) (1b)

where R,, and R.s are the minimum and maximum
achievable resistances of the memristor respectively,
k = (uyRon/D?*) Q/C, and u, is the ion mobility of the
memristor.

This paper is organized as follows: Section 2 discusses
the memristor-based reactance-less oscillators. In Section 3,
the power consumption in the memristive circuit is discussed
to be used in calculating the power of the relaxation oscil-
lator. Then, the power dissipations in the memristor-based
oscillators are calculated for different cases and verified with
the PSPICE simulations in Section 4. Finally, the conclusion
is given.

2. Memristor-Based Reactance-less
Oscillators

The memristor based relaxation oscillator consists of
a logic circuit and a memristive circuit as shown in Fig. 1.
The memristive circuit consists of a memristor in series with
either resistor or memristor as discussed in [13], [14], [15].
Thus, the power consumption in the oscillator circuit is
mainly from the memristive circuit. So, it is essential to
investigate the power consumption in the memrstive circuit.
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The analysis of the memristive circuit was previously dis-
cussed in [15] where four different cases were defined. These
cases are shown in Fig. 2. It is worth noting that when k& = 0,

the memristor equation tends to constant "resistor". The
memristance Ry, is either constant or given by
~Rina 2y (RinH(@ + D) Rinb>=2(@+ Dk (1)
Ry(1)= . @

a+1

where Ring = Rina — @Rinb, Rina and Rjyp are the initial mem-
ristances of R, and Ry, respectively, k' = k(Rog — Ron) and
@ = k;/k, representing memristors mismatch. Also, the
memristance R, is either constant or given by

Ry (1) = aRy (1) + Ring. 3)

(b)

Fig. 1. Two generic architectures of a memristor-based oscilla-
tor, a) single gate oscillator and b) two gate oscillator.

(@

Fig. 2. Different cases of a memristive circuit, a) @ = 0, b)
a=zx00,¢c)a =1,andd) a = —1.

In the next section, the power consumption in the mem-
ristive circuit is discussed to be used in calculating the power
of the relaxation oscillator.

3. Power Consumption
in the Memristive Circuit

It is well known that the power consumption in two
series resistors is given by

2 2
Vin Vin

Ra+Ro ;
R J (R @ + DR =2(0+ D (1)

p(n)= 4)

and the power consumptions in the memristances R, and R}
are given by

ViR, ViaRy

Rt Ry PO R ry @

pa(t) =

So the power dissipation in the four aforementioned
special cases can be studied as follows:

1. k; = 0(a = 0), where memristance R, is reduced to

Ro(t) = —Ra+ | (Ry + Ri)? = 2K[g(1)  (6)

by substituting into (4) and (5), the power dissipation
by R, and the total power consumption are given by

V2R,
palt) = n (T
(Ra + Rinp)? — 2k (1)
2
_ Vin 7b
p(0) = . (7b)
VR + Rip)? = 2k (1)
0.6
b= 0.5
%0.4 P H
EOJ i ,'I \\‘ /'l \\‘
o l'l \\':'. -'.:/I \\\
~ 02 P \‘-;_ ,’l \ L
o1f % ,f'l
0~ :
0 2 4 6 8 10
Time (mSec)
(a)
91 -0.5 0 0.5 1
Voltage (V)
()
Fig. 3. Plot of power consumption in R, and Rj for
a=0.

Figure 3(a) shows a plot of instantaneous power con-
sumption of sinusoidal input v(f) = sin(2nft) for
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Ry = Rinp = 1 kQ, k = 379 MQ?/C, and f = 100 Hz.
Figure 3(b) shows the power consumption versus ap-
plied voltage where a pinched hysteresis exists even for
the power consumption in the resistor R,.

. k; = 0(a = +00), where the memristance R, reveals to

Ru(t) = =Ry + | (Ro + R = 200, (®)

by substituting into (4), the total power consumption is
Vi
\/(Rb + Rina)2 - 2ké(p(l‘)

Figure 4(a) shows a plot of power consumption for
R, = Ry = 1 kQ, k. = -379MQ?/C, and f =
100 Hz. Figure 4(b) shows the power consumption
versus applied voltage curve which demonstrates even-
symmetric pinched hysteresis for power consumption in
R,, Ry and the total power.
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Fig. 4. Plot of power consumption in R, and R} for
@ = 00,

3. k; = k; =k}, (@ = 1), the memristances R, and R, are

Rina—Rinp + \/(Rinb+Rina ) 2- 4kéb @(t)

R(t)= ; . (10a)
Rint—Rina + | (Rins+Rina >4 0 (1)
Ry(1) = 3 , (10b)

and the total power consumption is
Vi
iy + Rina)? = 4Ky (1)

p@t) = (11)

Figure 5(a) shows a plot of instantaneous power con-
sumption due sinusoidal voltage excitation where Riyp =
2Rina = 2 kQ, k), = -379 MQ?V!s™! and f =
100 Hz. Figure 5(b) shows the power consumptions
versus the applied voltage where the power consump-
tion in each memristor is pinched as well as the total
power.
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Fig. 5. Plot of power consumption in R, and R} for

a=1
4. k; = —k; (@ = —1), where the memristances R, and Ry,
are

R,(t) =R a ) (12a)
= Rjpg — ——————— , a

‘ " Rina + Rinb 4
Ro(1) = Rinb — =——>—=—(0). 12b
b (1) inb Rina + Rinp @) ( )

Thus, the total power consumption is

VZ
pt) = —————. (13)
Rina + Rinb
Figure 6(a) shows a plot of instantaneous power con-
sumption for Rina = Rip = 1 kQ, k; = k[ =

-379 MQ?/C, and f = 100 Hz. It is worth noting
that the power consumption is pinched for each mem-
ristor, but the total power consumption is not pinched.
Since, the power consumption in the anti connected
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memristances is proportional to the square of the ap-
plied voltage. However, in the other three cases, the
power consumption has nonlinear pinched relation with
the applied voltage.
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Fig. 6. Plot of power consumption in R, and R; for
a=-1.

4. Power of Memristor-Based
Relaxation Oscillator

The oscillator circuit oscillates for three cases only
which are @ = 0,00 and —1 and it wouldn’t oscillate for
a = 1 since the ratio voltage to comparators is always con-
stant as discussed in [15]. The output of these oscillators
is either Vy, or V, which are the maximum and minimum
output voltages respectively. So, the input to the memristive
is either Vo or Vg for single gate oscillator but in the case
of a two gate oscillator, the input to the memristive circuit
is either Vo — Vg1 or Vo — Von. The power consumption in
the oscillator is divided into two regions; the first when the
output is Vop, and the other, when the output is V. In this
section, the power dissipation in the single gate oscillator is
mathematically calculated. Moreover, in the case of a two
gate oscillator, by replacing Vo, and V) with Vo, — Vo and
Vol — Von respectively, similar expressions can be found.

The general equation of power dissipation oscillators is
given by
Va
(Rha+(+1) Riny)2=2(at)k{ Vorr
p()= \/ v2 °

V(R @+ D) Riny)2=2 @41k} Vo (=Th)

O0<t<T,

hL<t<T,

(14)

where 7j is the duration of Vo, T is the period of the oscil-
lator, and T = mod(¢ — firans, I') Where tyans is the transition
time.

Consequently, the power dissipation in the three afore-
mentioned special cases can be studied as follows:

1. a=0.

The transient power dissipation by R, and the total
power consumption are given by

2
V()IR€|

S £+ C— 0<7<T
Rat Ron)2—2k/ V, )

pa(y=] T T (152)
RerRoprak vty N<7<T,

VZ

(R.,,+Rhn;12—2k’v01‘r O<7<T,

p(n)=] YRR, (15b)
oh hi<t<T,

V(Ra+Rup)?=2k] Vo (r=T)

where Ry, and Ry, are the maximum and minimum
achievable memristances Ry are R,V,/(Vy — V4) and
R.Vp/(Von — Vp)[13]. Clearly, the power consumption
is a function of R, Rpy and Ry, and R, should be en-
closed between Ron (Vo1 — Vo) / Vi and Rog(Von — Vp) /)
for sustained oscillation, as discussed in [13]. Thus, the
total maximum and minimum power consumption are

given by
V021 Voan
=—=— 16
pmax Ra + Rbn Ron ( a)
va VonVp
n=—-= , 16b
Pmin R, + Rbp Rog ( )
respectively.

The PSPICE simulation of the power consumption
across the memristor, the resistor and the sum are dis-
played in Fig. 7 showing perfect matching. PSPICE
simulations are performed using the spice model pro-
posed in [9]. This figure is plotted for single gate os-
cillator at the following setup, k];, Vs Vo Von, Vor and R,
are =379 MQ?/C,0.75V,-0.5V, 1V, -1V, 3kQ. The
memristance changes from Ry, = 3 kQ to Rypp = 9 kQ
so the oscillator oscillates with frequency 3.51 Hz.
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Fig. 7. PSPICE (solid line) and numerical simula-
tion (stars) power consumption in single gate
memristor-based oscillator for @ = 0.
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2. @ = *o0.

The transient power dissipation by R, and the total
power consumption are given by

V2Ry
—_ 0<71t<Th
Ro+Ran)?—2KLVo ’
po(n)=g R e (172)
Rtk N <7<T
VZ
V(R R0122k'V O<7<T,
p(t): (Rp+ an)‘;2 aVolT (17b)
oh hi<t<T,

V(Rp+R )22k, Vor (r=T1)

where R,, and R,y are the maximum and minimum
achievable memristance R, are R,(Vy — V4)/Vh and
Ry (Von — Vp)/V,, tespectively [13]. Clearly, the power
consumption is a function of Ry, Ray and R, and
Ry, should be enclosed between RynVi/(Vor — Vi) and
RoftVp(Von — Vp) for sustained oscillation, as discussed
in [13]. Thus, the total maximum and minimum power
consumption are given by

2
_ Vol _ Vor(Vor — V) 18
Pmax = = s (18a)
Rb + Ran Ron
2
Ponin = Vol _ Voh(voh - Vp) (18b)
min — - )
Rb + Rap Roff
respectively.
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Fig. 8. PSPICE (solid line) and numerical simulation
(stars) of power consumption for @ = co.

Figure 8 shows the transient PSPICE simulation of the
power consumption across the memristor, the resistor
and the sum showing good matching with the calculated
expressions. This figure is plotted for single gate os-
cillator at the following setup k;, Vp, Vi, Von, Vo and Ry,
are —379 MQ?/C,0.5V,-0.75V, 1V, -1V, 3kQ. The
memristance changes from Ry, = 1 kQ to Ry, = 3 kQ
and the oscillation frequency is 18.95 Hz.

3. a=-1.

The transient power dissipation by R,, Ry and total
power are given by

V2(Ran (Rina+ Rinp) =k Vor7)

pa(t): ) (Rina+Rinb)* O<7< Tl,
Voh(Rap(Rina"'Rinb)_k;/;Voh(T_Tl)) T T
(Rina+ Rigp)® pers<tb

(192)

V021 (Ropn (Rina"'Rinb)_kk/,VolT)

(t)_ Rina\"'Rinb)3 O <T< Ti’
Pot)=Y w2 (Ryp (Rina+ Riny)—k{ Vo (t—T1)) T ocr<T
(Rina+Rinp)° r=t=<4
> (19b)
Yo 0<7t<T
p(t)= Rmvrzfinb (19¢)
Rina"'Rinb Ti <7< T

where, [14],
Ran = (Rina + Rinp) (Vo1 — Vn)/Vols

Rap = (Rina + Rinb) (Voh — Vp)/vohs
Ron = (Rina + Rinb) Va/ Vol

Rbp = (Rina + Rinb)vp/voh-

It is obvious that the power dissipation in this case is
a function of the sum of the memristances, Ry = R,+ Ry,
which is always constant. But, to obtain an oscillation,
R should be between a certain range, given in [14]. Us-
ing the minimum and maximum Ry, the total maximum
and minimum power consumption are given by

Vor(Vor = V4
Prmax = M’ (20a)
ROI’I
Voh (Von = V)
Pmin = —————", (20b)
oft

respectively.

Figure 9 shows good matching between the calculated
expressions and PSPICE simulations, where k;, kt’y
Vi, Vi Vons Vor and Ry, are 379 MQ?/C, =379 MQ?/C,
0.75V, 075 V,1V, -1 V,3 kQ. The memristance
changes from Ry, = 1 kQ to Ry = 0.5 kQ and
Ron = 1 kQ to Ryp = 1.5 kQ with oscillation frequency
of 189.5 Hz.
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Fig. 9. PSPICE (solid line) and numerical simulation
(stars) power consumption for @ = —1.

It is clear that, the maximum power consumption in
all cases is linearly proportional to |V;| and inversely pro-
portional to R,,, however, the minimum power consumption
is linearly proportional to V}, and inversely proportional to
Rog. Also, the maximum and minimum power consumptions
happen at maximum and minimum oscillation frequencies.
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5. Conclusion

Through this paper, we introduced mathematical ex-
pressions for the power dissipation of memristor-based relax-
ation oscillators. Maximum and minimum power consump-
tion were introduced for different cases which are function of
the biasing parameters of the oscillator and maximum as well
as the minimum achievable memristances. It is clear from
this discussion that the instantaneous power consumption has
even-symmetric pinched hysteresis and the power dissipation
is a function of the oscillation frequency. Moreover, The
power consumption of three topologies are calculated and
verified using PSPICE simulations. The introduced analyses
can be generalized for different memristor models and for
other memristor-based oscillators.
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