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Design Consideration for Active—Only
Memcapacitor Emulator Circuits

Hacer Atar Yildiz and Omer Aydin

Abstract—In this paper, a simple memcapacitor emulator
circuit using only active elements is presented. Instead of using
any bulky passive components, the proposed circuit makes use of
the intrinsic capacitors of MOSFETSs. As a result, the circuit took
up significantly less area on the IC environment. In addition, a
modification technique is proposed to extend the operating
frequency range of the emulator, which might broaden the
circuit's application possibilities. Considering the basic non-
idealities of the circuit, a more realistic formulation of the
memcapacitance value is derived. Detailed simulations utilizing
the 0.18 um CMOS Cadence design tool are used to validate all
theoretical aspects as well as the circuit's appropriate
functionality.

Index Terms—Memcapacitor emulator circuit,
hysteresis loop, CCCII, electronically adjustable circuit

pinched

I. INTRODUCTION

EMRISTOR was first postulated by L. O. Chua as the

missing circuit component in 1971 [1], is shown to be
physically realizable by HP in 2008 [2]. Later, with the
introduction of new class of mem-elements, memcapacitor and
meminductor by Chua [3], the application of these elements
has been expanded further for instance in adaptive filters [4],
oscillators [5], chaotic circuits [6-7], neuromorphic circuits
and non-volatile memories [8-10].

As the memristive elements are characterized by the well-
known pinched, or zero-crossing hysteresis twist in current-
voltage space, the fingerprint of the memcapacitor is the
pinched loop in the voltage-charge space [11]. In some
implementation, memcapacitor behavior can be obtained using
mutator which converts memristor behavior to memcapacitor
[12-13]. These circuits employ perfect memristor to
implement the memcapacitor, which may be problematic in
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case the limitations of the involved memristor are not well
understood or its optimized design is not available. The
synthesis of memcapacitor using conventional building blocks,
i.e. integrators, summing amplifiers, on the other hand, is a
more prudent approach as the optimized basic building blocks
are easily accessible [14-17].

At this point, it should be noted a well-known disadvantage
of all these mem-element emulators for IC integration point of
view, which stems from the implementation of the involved
passive elements, suffer from large chip area [18-20]. Active-
only circuit design is a very useful technique to address this
drawback. In these circuits, passive components are realized
using the intrinsic resistors and capacitors of the involved
active components [21]. While this approach substantially
reduce the chip area occupied by the circuits, the circuit
parameters can be adjusted electronically.

In this study an area efficient implementation of an
integrator-based memcapacitor emulator (MC) is introduced.
In order to have an area efficient solution, a design containing
only active components is proposed. The benefits of the circuit
are revealed by comparing it with similar circuits presented in
the literature. Thanks to the evaluations of the main non-
idealities of the proposed circuit, theoretical considerations
which may help to assess the limitations of the proposed
circuit are presented. Simulation results of the circuit using
UMC 0.18 um CMOS process are presented to illustrate the
circuit performance.

In this paper, first the proposed realization of the
memcapacitor emulator is presented. Then, the active element
nonidealities are modeled and theoretical expressions are
derived, which may be useful to assess the circuit important
limitations. The operating frequency range of the proposed
emulator is considered to be limited, which is partially
mitigated by applying a modification technique. Simulation
results justifying the proper operation of both the initial and
the modified circuits are presented. Finally, a section with
extensive comparisons of the suggested circuits to their
counterparts is provided.

Il. PROPOSED MEMCAPACITOR EMULATOR AND ITS
PRELIMINARY DESIGN CONSIDERATIONS

The proposed memcapacitor, consisting of two active
integrators built around a second generation current conveyor
(CCII), a current controlled current conveyor (CCCII) and two
voltage buffers is given in Fig.1. Note that CCCII is actually a
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modified CCII, in which the intrinsic x-terminal resistance is
included in its defining equation.
This resistance is given by:

where p,, C,, are respectively the electron mobility and gate
capacitor, while W/L is the transistor dimensions. The fact that
this resistance can be controlled via the biasing current I is
very beneficial from IC integration point of view.
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Fig.1. The general topology of proposed MC topology

From Fig. 1, capacitors, Cp1 and Cpz shown within the
dashed lines are intrinsic capacitors which appear at the input
port of the voltage buffers. While designing the circuit,
transistors’ dimensions at the input section of the voltage
buffer are chosen big enough that these intrinsic capacitors
become large and dominate other parasitic capacitors in the
circuit. Moreover, in case the voltage buffers are implemented
such that properly, these capacitors mainly stem from the gate
capacitance of MOS transistors, these capacitors can be
considered linear [22]. Given the formal defining equations of
CCCll and CCIl, respectively [23],

L, 0 o o1|% L, 0 0 01|%
Vel=(1 n Of|L] Vil=11 0 Of|L (2)
I, 0 1 olfy Iy 0 1 ol|v,
and considering the fact that the input voltage V;, is small
enough to satisfy (Vpg K Vs —Viy), the equivalent

memcapacitance value of the proposed MC can be obtained as
follows:

1 din
V=—f1-(t)dt:— 3
1 Cp1 in Cp1 ( )
Ve = fV (t)dt
¢ CpaTx2 ! N
in (€
Cp2 Tx2 Cpy
Im2 j
= o (B)dt
CorCo qin (1)
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The required multiplication operation is realized by the
current-voltage relationship of the NMOS transistor arranged
to operate in the triode region:

w
I; = ppCox (?) Ves = Ven)Vpsy 1z =
B

V1

(®)

Tx3

By using (3) and (4) in (5), the equation is obtained as follows:

din Im2 j
= m(@®)dt — Vo)V, 6
rx3Cp1 B(Cp1cp2 qln( ) TN) in ( )
The Eq.6 is rearranged as follows:
qin _ BCp1, Gm2 j
Cy=—= n(t)dt =V, (7)
M Vi G (Cplez qin(t) ™)

By considering the charge-voltage relation of the capacitor
element q(t) = C v(t), and rearranging the equation, the
value of memcapacitor becomes as follows:

BCp1 . Gmo J‘
Cy = n(O)dt — V. 8)
M s CpiCro Gin (1) ™)
BYGma f B1Cp1
Cy = i ()dt — V. 9
M gm3CP2 Qm( ) Im3 TN

From Eg. 9, the value of the memcapacitance consists of two
terms, one being time-dependent and the other is constant.
Both of the terms can be electronically adjusted by changing
Im2 and g,.; parameters, which may be beneficial in practical
applications of the memcapacitance.
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In Table I, aspect ratios of the MOS transistors used in
active devices are given.

TABLE |
ASPECT RATIOS (in pm) OF THE TRANSISTORS IN FIG.2
| MOS transistor [ CCCll and CClI |
M1, M2 4/0.8
M3, M4 10/0.8
| M5 [ 2/0.8 |
M6 5/0.8
M7 1.5/0.8
M8 4/0.8
Mg 35/0.8

The CCCII active element is depicted in Fig.2a and realized
by using conventional translinear topology. To implement the
CClII, input transistor with a very low 7, value is selected in
accordance with Eq. 1. Voltage buffer is also shown in Fig.2b.

VDD

Q B M7E—,—| EMS
aJFH

yo—— ——ox

e A e
Ok M5|g|-—| %

VSS
(@)

+VDD

Vz 0——||: Ms
Vo

(b)

Fig.2. Implementations of (a) the current conveyors,
(b) the voltage buffer

I1l. NON-IDEAL ANALYSIS OF THE MEMCAPACITOR
EMULATOR

Non-ideal model of the proposed memcapacitor is shown in
Fig.3. Considering the well-known non-idealities of the active
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elements, memcapacitor defining equation is obtained as
follows [24]:

1
Vi = [a1($)Bi($)y1(8) - llin
(ri + sCPl) (10)
z1

In this expression, a,(s) and B, (s) are respectively, the non-
ideal current and voltage gains of CCIlI, y;(s) is the non-ideal
gain of the buffer, while r,, is the z-terminal parasitic
resistance.

Extensive simulation results of the circuit in Fig. 2a shows
that frequency dependency of B,(s) and y;(s) can be
neglected, while a;(s) can be represented with the following
simple expression:

(DZ
a;,(s) = aos T o,

(11

For practical applications, the output resistance of the CCII
satisfy the following: (1/r,; < [jwCp,]), thus Eq.10 can be
approximated as:

RACIRACN 12

mn
Cp1 s Cp1

1

A

Considering the non-idealities of integrator-2, the equations
are obtained as follows:

1
Ve = [a2(s)B2(S)V2(S)Imz —1]V1
(SCPZ + E)
Assuming that (1/r,, < |jwCp,|) and B,(s) and y,(s) are
constant, Eq.13 can be obtained as:

(13)

171V
Ve = |w)gm o (14
Using (12) into (14) yields:
1 qi
Vo = | ()t (5 gma | 22 (15)
P1%~P2

If the current-voltage relation of the NMOS transistor
operating in the linear region is written and the Eqg.15 is
substituted in this relation, the memcapacitance relation is
obtained as follows:

Vin Vi
I; —— = BWVes = VendVps, Iz =— (16)
T23 Tx3
Vl Vm Vin
L R 1, (sCyy)
Tx3 [rz3 Typ v1)]

1 in
= Bl(ar($)az(8)gmz ) 9n  (17)

Cp1Cpy” s
- VTN]Vin
Rearranging this equation, memcapacitance value can be
obtained as:

http://dergipark.gov.tr/bajece


http://dergipark.gov.tr/bajece
user
Typewritten text
BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING,     Vol. 10, No. 3, July 2022                                             	


BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING, Vol. 10, No. 3, July 2022

a(s) _ 5 1 qn v 1 As it can be seen from Eq.19, in the non-ideal case, the
Courag din = [ﬁa (8)Gma CoiCon s BVrn + Vs parasitics Cy;,7y; and 7,5 appear in parallel with the
(18) memcapacitor. In case, the circuit driving this memcapacitor
+ SCYl] Vins has a lower output impedance, these effects can be neglected.
a,(s) = a,(s) = a(s) Furthermore, the frequency dependency of the current gain,
a(s) may worsen the memory behavior of the element.
Qin  Ba(s)gma BCpy Therefore, the circuit operating frequency range should be
Cy = Vin = “gmaCra f qin(t)dt — a($)gms ™ kept much smaller than the pole in the model of Eq. (19).
Ideal memcapacitor (19)
Cpy, 1 1
———(—+—+5sCyq)
a(s)gms T2z T
N
Y1 i Y1 I
:r :C \I/ 1B1 I
| T cons 2| tin | Vs \IIIB3 1
Vin °—+%— x { * | Y cccis z :
: lin CPl=er$
| 1

Integrator Element-1

iNMOS

Integrator Element-2

Fig.3. Non-ideal model of proposed memcapacitor

IV. SIMULATION RESULTS

The simulation results of the proposed circuit are produced
by using UMC 0.18 um technology parameters in Cadence
design environment. The active elements, CCII, CCCII and
voltage buffers are supplied with + 1V. Since the input current
on the parasitic capacitor cannot be sensed, the hysteresis loop
is simulated depending on the input voltage (V;,) and
V3(qin/Cp1) Which is the first integrator output.

f=60 MHz
f=70 MHz
f=80 MHz

0.6 —

0.4 —

Qin/Cp1 , Volt

-0,3 -0.2 -0.1 o] 0.1 0.2 03
Voltage, V,, [V]

Fig.4. The Voltage—charge characteristic of proposed memcapacitor.
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An external sinusoidal signal with an amplitude of 200 mV
is applied to the circuit to obtain the emulator characteristic.
As shown in Fig. 4, the circuit generates the pinched
hysteresis characteristic which is the fingerprint of mem-
behavior. The sample characteristics are given at three
different frequencies, at 60 MHz, 70 MHz and 80 MHz.

However, the simulation results for different biasing
currents are also obtained in Fig.5. From these results, it is
seen that the circuit is capable of generating the memristor
behavior over a wide range of the biasing current

1B3=5u
1B3=10u
1B3=15u

qin/Cp1 , Volt

Voltage, V,, [V]
Fig.5. Pinched hysteresis loops for different biasing currents
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The change in the circuit performance against
environmental temperature variations is also studied. The
circuit dynamics at three different temperatures are obtained at
60 MHz and the results are given in Fig. 6. From these results,
it is clear that the circuit is able to generate the mem-behavior
over a wide range of temperature. In addition, simulation
results at different processing corners are obtained at 60 MHz
and are given in Fig.7. From these results, the circuit works
properly against the process changes.
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Fig.6. Memcapacitive characteristics at three different temperatures
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Fig.7. Memcapacitive characteristics for the process corners

In order to reveal the dependency of the memcapacitance to
the variation of the input signal, we have obtained the
simulation result in Fig.8. The memcapacitance depends on
the input signal frequency, which is resulted from the
nonlinearity of the memcapacitor.

Since intrinsic capacity is used instead of discrete capacity
in this study, the capacity value varies between 100-500 fF.
The rate of change is in the same order as circuits using
discrete capacity [14].
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Fig.8. Vversus V;,, for different operating frequencies

V. MC MODIFIED FOR WIDE OPERATING FREQUENCY RANGE

The proposed memcapacitor has an operating frequency
range proportional to g,,/Cp. As we use an intrinsic capacitor
with a small range of values to implement C,, the operating
frequency range of the circuit varies within a narrow range. To
remedy this issue, capacitance multiplier is proposed in the
literature [25]. In this section, we applied this technique to the
proposed emulator, in order to expand its operation frequency
range, towards lower frequency region.

A conceptual capacitance multiplier built around CCII- is
given in Fig.9. CCII- refers to the negative output current
conveyor and the constitutive equation is given as:
i, = —Kci, (20)
where KC is the current gain from the x to z terminal currents
of the current conveyors and equals 1 for conventional current
conveyors. The current gain mentioned in this study should be
taken as greater than 1. In this case, the equivalent input
capacitance can be calculated using the following equation:

Ceq = K(;Cp (21)
\]/ IB
X -
c ccll- °
y

.||_---.||."f--“

Ceq

Fig.9. Capacitance multiplier built around a CCII [25]
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VDD Therefore, for K. > 1, the equivalent capacity will be
greater than the C, capacity. The Kc value can be set to the

desired value by appropriately arranging the size ratios of the
(D 1B ng M M0 EMH M10-M11 and M12-M13 MOS current mirrors transistors in
the translinear current conveyor which is shown in Figure 10.
By applying this technique to the proposed circuit, we
M22|——| @3 obtain the modified circuit in Fig. 11. Assuming that the input
terminal voltages of the current conveyors are equal, the
—ox —°z memcapacitance of the circuit in Fig. 11 is as follows:

M4j|__' E M BIm: B1Cpy

C =—J.q' (tHdt — V. (22)
M Im3KcCpr " Im3 ™

(D ® MG%I |"—| M7 M12 |"—| g"“ To verify the feasibility of the approach, simulation results

are obtained for the 80 MHz and 100 mV input sinusoid of the
modified circuit. The observed pinched hysteresis loops
obtained for K¢ =10 and K¢ =1 are shown in Fig.12.

yo—1

VSS

Fig.10. CMOS realization of the CClI- [26]

. | 183

Y cccns z
+

il

Integrator Element-1

Integrator Element-2
Fig.11. The memcapacitor emulator modified for low operating frequency

Kc=10
Ke=1

VI. COMPARISON OF THE PROPOSED MC
WITH EXISTING CIRCUITS

Some figures which can be useful to compare the proposed
circuit compared with its existing counterparts are presented in
Table II. All existing counterpart’s studies are used passive
components, so they are not area efficient design. To the best
of the authors knowledge, there is not any other active-only
memcapacitor emulator in the literature. It provides a big
o - advantage in terms of the IC design environment, as it takes
up less space as there are no discrete components.

0,4 —f

GIin/Cpc1 , Volt
|

\ T \ T 1
40 0 40 80
Vin, mv
Fig.12. Voltage—current response of the modified MC
for Kc =1 and K¢ =10
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TABLE I
PERFORMANCE COMPARISON WITH OTHER STUDIES
Number of active Operating Power Number of passive Elec. :
References components frequency supply elements Tunability 3?3&?(?65 Transistor Parameter
[12] 1CBTA, 250kHz NA 1c Yes Floating | TSMC 0.18 um
1 Memristor
[13] 5 Opamp, 11R, 2C .
1 Multiplier 200Hz +15V 1Diode No Grounded Discrete components
[14] zce, 48Hz +20V 3C, 2R Yes Grounded Discrete components
1 Multiplier
[15] 1 DVCCTA 900kHz 0.9V 2C, 1R No Grounded TSMC 0.18um
[16] 20TA, 10Hz +125V | 2¢, 2R Yes Grounded | TSMC 0.18um
1 multiplier
[17] 1 DXCCDITA 1MHz +1.25V 2R, 1C Yes Floating CMOS technology 0.18um
[18] 3 Opamp, 2 CFOA 10Hz NA 3R, 2C, 1LDR No Grounded Discrete components
[19] 2 ADg44, 10Hz NA 1C, IR No Grounded | NA (simulation)
1 Memristor
[20] 1 Multiplier, ; :
4 Opamps, 1CCCS 10Hz +10V 3C, 2R No Grounded NA (simulation)
Proposed :
2 CCClIlI, 1CClland 2 No passive
work buffers 80MHz 1V component Yes Grounded UMC 0.18 um
As can be seen from Table Il, the proposed circuit can  [6] Muthuswamy B & Kokate PP, Memristor-Based Chaotic Circuits.
; ; IETE Technical Review 26, pp. 417-429, 2009.
operate at m.uc.h hlgher. frequenmes and lower po"‘_’er supply [71 Wang G, Zang S, Wang X, Yuan F & Ching Lu HH, Memcapacitor
rates than existing circuits. The proposed memcapacitor can be model and its application in chaotic oscillator with memristor, Chaos
adjusted electronically in this study, as in some studies in 27, pp. 013110-1-12, 2017.
Table 1. The floating solution offers more flexible usage [81 M. S. Feali, A. Ahmadi, and M. Hayati, “Implementation of adaptive
AR : : neuron based on memristor and memcapacitor emulators,”
p033|_b|I|t|es, but the groundgd solutions are used more in Neurocomputing, vol. 309, pp. 157167, Oct, 2018,
practice because they have a simpler structure. [91 A. A. M. Emara, M. M. Aboudina, and H. A. H. Fahmy, “Non-volatile
low-power crosshar memcapacitor-based memory,” Microelectronics
VII. CONCLUSION J., vol. 64, pp. 39-44, Jun. 2017.
. . . . [10] Q. Zhao, C. Wang, and X. Zhang, “A universal emulator for memristor,
In this study, an integrator-based memcapacitor emulator is memcapacitor, and meminductor and its chaotic circuit,” Chaos, vol.
presented. The important parameters of the proposed circuit 29, no. 1, 2019. .
can be adjusted electronically to the desired value. Compared ~ [111 2. Yin, H. Tian, G. Chen, and L. O. Chua, “What are memristor,
. . . li h d memcapacitor, and meminductor?” IEEE Trans. Circuits Syst. II
to previous studies presented in the literature, the propose Express Briefs, vol. 62, no. 4, pp. 402-406, 2015.
memcapacitor has a structure consisting of only active [12] Cam Taskiran Z. G.,Sagbas M., Ayten U. E., Sedef H., “A new
building blocks. Therefore, the chip area will be smaller universal mutator circuit for memcapacitor and meminductor
compared to their counterparts. The viability of the circuit is elements”, Intenational Journal od Electronics (AEU), vol.119,
ifi . iled si lati | h detailed DOI: 10.1016/j.aeue.2020.153180, 2020.
verified via detailed simulation results. Furthermore, a detailed 113 yyan'F, Li Y, Wang G, Dou G, Chen G. Complex dynamics in a
nonideality analysis which reveals the main limitation of the memcapacitor-based circuit. Entropy;21(2):188, 2019.
circuit are presented. Finally, a modification technique which  [14] Yesil A, hBabacan Y.,I“Electronically Controllable Memcapacitog
: : Circuit with Experimental Results”, IEEE Transactions on Circuits an
can be applied to dextend the operating frequency range of the Systems I1: Express Briefs, DOI: 10.1109/TCSI1.2020.3030114, 2020.
circuit is presented. [15] Vista J. and Ranjan A., “Design of Memcapacitor Emulator using
DVCCTA”, International Conference on Applied Physics, Power and
Material Science 5-6 December 2018.
[16] M. Konal and F. Kacar, “Electronically Tunable Memcapacitor
REFERENCES Emulator Based on Operational Transconductance Amplifiers,” J.
[1] L. O. Chua, “Memristor—The Missing Circuit Element,” IEEE Trans. Circuits, Syst. Comput., pp. 1-8, 2020.
Circuit Theory, vol. 18, no. 5, pp. 507-519, 1971. [17] J. Vista and A. Ranjan, “Simple charge controlled floating
[2] D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams, “The memcapacitor emulator using DXCCDITA,” Analog Integr. Circuits
missing memristor found,” Nature, vol. 453, no. 7191, pp. 80-83, 2008. Signal Process., vol. 104, no. 1, pp. 37-46, 2020.
[31 M. Di Ventra, Y. V. Pershin, and L. O. Chua, “Circuit elements with [18] Wang X, Fitch A, Iu H, Qi W. “Design of a memcapacitor emulator
memory: Memristors, memcapacitors, and meminductors,” Proc. IEEE, based on a memristor”, Physics Letters A;376(4):394-399, 2012.
vol. 97, no. 10, pp. 1717-1724, 2009. [19] XiaoYuan Wang, Herbert H. C. lu, GuangYi Wang, Wei Liu, “Study
[4]  Driscoll T, Quinin J, Klein S, Kim, HT, Kim BJ, Pershin YV, Ventra on Time Domain Characteristics of Memristive RLC Series
MD & Basov DN (2010), Memristive adaptive filters. Applied Physics Circuits”Circuits Syst Signal Process, 35:4129-4138, 2016.
Letter 97, pp. 1-3. [20] M.E. Fouda and A.G. Radwan, “Charge controlled memristor-less
[5] D. Yu, Z. Zhou, H. H. C. Iu, T. Fernando, and Y. H. Hu, “A coupled memcapacitor emulator”, Electronics Letters, vol. 48, pp. 23, 2012.
memcapacitor emulator-based relaxation oscillator,” IEEE Trans. [21] Arslan E, Metin B, Cicekoglu O, “MOSFET-only mult-function biquad

Circuits Syst. Il Express Briefs, vol. 63, no. 12, pp. 1101-1105, 2016.
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filter,” AEU-International Journal of Electronics and Communication,
69, 1737-1740, 2015.
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