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Analog circuit A novel l.1igh-.perf0rmance, active‘-only, .grounQed ingremental/decremental memistor emulator is
Current conveyor proposed in this research study. It is reall;ed using a single floating-gate metal—ox1de—semlconductor
FGMOS (FGMOS) based current follower differential input transconductance amplifier (CFDITA), one MOS-
CFDITA based capacitor, and one MOS-based resistor. The performance of the proposed FGMOS-based CFDITA
and memristor emulator is verified through SPICE circuit simulations using 0.18 pm CMOS technology
process parameters. The proposed CFDITA has demonstrated high performance, with a current dynamic
range of £2.5 mA, an operational 3-dB bandwidth of 162 MHz, maximum transconductance of 1.1 mS
and power consumption as low as 0.8 mW only. Theoretical analyses, including non-ideal and parasitic
analyses of the proposed emulator, are also performed. The proposed emulator offers several desirable
features, including a compact structure utilizing only active devices, low operating supply voltages of
+0.75 V, low power dissipation of 0.8 mW, and a high simulation frequency of 40 MHz. The proposed
circuit of emulator is further validated experimentally up to the experimental frequency of 50 kHz using
off-the-shelf ICs AD844 and LM 13700 with breadboard implementation.

Pinched hysteresis loop
Relaxation oscillator

1. Introduction

Currently, as transistor density requirements increase on a chip, technology is continuously being scaled down. Consequently,
the threshold voltage of transistors is proportionally scaled down. Nevertheless, the threshold voltage cannot be reduced much
further, as this would increase the sub-threshold leakage current. Therefore, in standard CMOS technology, the scaling of the
threshold voltage has imposed a serious challenge for the circuit designers. To overcome this problem, numerous conventional
and non-conventional techniques [1-9] have been reported. These techniques are extremely useful for realizing low-voltage and
low-power (LVLP) CMOS structures. Some of the popular conventional techniques are sub-threshold operation, level shifting
and dynamic threshold MOS (DTMOS). On the other hand, non-conventional techniques such as floating gate (FG), bulk-driven
(BD), bulk-driven floating gate (BDFG), and quasi-floating gate (QFG) etc. are becoming very popular for designing LVLP
active devices. Among these non-conventional techniques, the FG technique is preferably used to develop high-performance
active devices in contemporary LVLP circuit design because of its reduced signal path threshold voltage. In many applications,
such as FLASH memory, EPROM, and EEPROM, the FG technique has been preferred because of its compatibility with the
CMOS technology and lower supply voltage requirements.

Evidently, the development of high-performance active devices is also expected for various applications of VLSI and
signal processing. In all these applications, one or more of the four fundamental passive components of the electronic industry
namely the resistor, capacitor, inductor, and memristor are utilized to showcase the constitutive relationships among the four
fundamental parameters, namely, voltage, current, charge, and flux [10-11]. Among these four aforementioned passive
components, only the memristor has the unique properties of a pinched hysteresis loop (PHL), non-linearity, frequency-
dependent characteristics, and high-density storage capability. For this reason, some of the applications can only be realized with
memristor(s) and not with RLC networks alone. Nonetheless, due to the cost and technical difficulties associated with the
fabrication of micro- and nano-scale devices, memristor emulators have gained widespread attention from researchers. As a
result, a variety of memristor emulators have been reported in the literature [12-38]. However, these emulators have one or more
of the following shortcomings (i) the number of active elements in the emulators designs in [14-15, 18, 20, 22-25, 28, 30, 32] is
more than one (excluding MOS) (ii) a larger number of passive components are used in [14, 20, 24, 25, 27, 33-34] (iii) mixed
types of active building blocks (ABBs) are used in the works reported in [14-15, 20, 23-25, 28, 30, 32] (excluding MOS) (iv) the
operating frequency in the designs of [12-24, 26-34, 36-38] is low (v) the operating supply voltages used in the works of [12-25,
27-28, 30-38] are high (vi) the memristor emulators presented in [22, 27, 32] consume high power (vii) the works reported in
[15, 20, 24-25] utilize a multiplier to yield a pinched hysteresis.
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This research work provides a complete solution through the proposal of a high performance LVLP active element,
namely, a current follower differential input transconductance amplifier (CFDITA) based on the FG approach. The floating gate
metal-oxide-semiconductor (FGMOS)-based CFDITA structure is proposed to provide a better alternative to existing MOS-based
CFDITA structures [39-40] due to the availability of salient features, such as good dynamic range, low supply voltages and low
power consumption. The presented active device, the FGMOS-based CFDITA, is further utilized in the design of a grounded
incremental/decremental memristor emulator. The proposed memristor emulator design is simple in structure, as it uses only one
FGMOS-based CFDITA, one MOS-based resistor and one MOS-based capacitor only. The detailed ideal and non-ideal analyses
of the proposed emulator are included. The functionality of the design is validated using both SPICE simulations and
experimental measurements.

2. Overview of FGMOS-based CFDITA

FGMOS devices have recently been used by analog researchers in a variety of emerging applications, including FG memory
cells, the digital storage elements in EPROM, EEPROM, and flash memory technologies, neural networks and instrumentation
and measurement devices. In contrast to conventional CMOS, which has only one controlling gate (CG), FGMOS includes an
additional gate, designated as the FG. It is possible to develop FGMOS using the standard fabrication technique of double-
polysilicon CMOS. In this process, the first polysilicon layer is used to create the FG over the channel, and the second layer
creates multiple inputs CG. There is no resistive connection between the FG and multiple inputs CG; instead, they are connected
capacitively [41]. Figures 1 (a) and (b) show the symbols for two-input p-channel FGMOS and n-channel FGMOS respectively
and Figures 2 (a) and (b) show the equivalent circuits for the two-input p-channel FGMOS and n-channel FGMOS respectively.
The FG voltage, V., can be expressed as follows.

— CFGD\/D + CFGSVS + CFGBVB + ZCGiVi + QO
Ceff
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where i =12 for the two inputs as shown in the circuits of Figure 2. The voltages V, V, and V; represent drain, source and

bulk voltages respectively. Total capacitance at the gate terminal of FGMOS is C, as given below.
Cet =Co1+Co,tCrop +Crag +Chras 2

where C, is the capacitance formed between the input V,, and FG; C,, is the capacitance formed between the input V,, and

FG. Capacitances C.,, Cqz and C.y are the parasitic capacitances between FG and drain, FG and bulk, and FG and source
of FGMOS respectively.

The CFDITA symbol as depicted in Figure 3 comprises of three high impedance terminals Z , V and O and one low impedance
terminal F . FGMOS structure of CFDITA is elucidated in Figure 4 which consists of bilateral current follower (MOS transistors
from M, -M,;, M, —M,,) followed by an OTA (MOS transistors from My —M,, ). The CFDITA is characterized as given

below.
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where ¢, is the transconductance of OTA stage and it is expressed as follows.
On =K (VB —Vss —Vry ) 4)

In Eq. 4), K= %(W /L) andV;,, is the threshold voltage of M, transistor. It is noted from Figure 4 that it comprises of

two additional terminals Z. and Z._which are used in memristor application in next section. The relationships at these terminals

are l,o =1 and I, =-I;.

The parasitic of CFDITA at different terminals are depicted in Figure 5. The parasitic involved are low parasitic resistance R:
at terminal, F and high parasitic R, in parallel with 1/sC, , R, in parallel with 1/sC, , and R, in parallel with 1/sC, at Z
,V , and O terminals respectively.



3. Simulation results of FGMOS-based CFDITA

PSPICE simulations using 0.18 um CMOS technology are carried out for the verification of the proposed device. The supply
voltages used are +0.75V . Aspect ratios, W(um)/L(um) of the MOSFETs incorporated in the implementation of proposed

FGMOS-based CFDITA are given as follows: M, , =72/0.36, M,=3.6/0.36, M,;q1011102120333 =36/0.36,
M 7141617 25,24.25,26.28. 30 = 14410.36 , Mg,5=0.36/036, M,=54/036 , M,=10.8/0.36, M, =18/0.36,
M, , =108/0.36 . The DC transfer characteristics between terminal F and terminal Z as shown in Figure 6 (a) has dynamic

range of the current as —2.5 mA to 2.5 mA. The DC analysis for transconductance, 1, /(V, —V, ) with respect to the bias current,

I, for a variation of |, from 0 to 400 pA is depicted in Figure 6 (b). The maximum transconductance obtained in Figure 6 (b)
is 1.1 mS. The frequency response for current gain, is illustrated in Figure 6 (c), where the 3-dB bandwidth is measured as 450
MHz. The frequency response for transconductance gain, |,/ (Vv —VZ) is depicted in Figure 6 (d) and the 3-dB bandwidth of

the transconductance gain is obtained as 162 MHz. The performance characteristic parameters of the proposed FGMOS CFDITA
are summarized in Table 1. Additionally, its comparison with other existing FGMOS-based devices [5-8] is illustrated in Table
2. It is observed that the proposed CFDITA performs better in terms of dynamic range, supply voltages and power consumption.

4. Proposed Electronically Tunable Memristor Emulator

The proposed grounded incremental/decremental memristor emulator using single CFDITA, one active MOS resistor and one
active MOS capacitor is shown in Figure 7. The MOS transistor M, realizes a floating resistance, Ry, . and MOS transistor

M. realizes a grounded capacitor, C,, . The resistance R,, is electronically tunable via control voltage, V.. The proposed
emulator operates in a decremental mode if the switch is coupled with terminal Z. and operates in incremental mode if the

switch is coupled with terminal Z. .

4.1 Analysis of Memvristor Emulator

e analysis of the decremental memristor emulator is described as follows. The current through the capacitor is obtained as follows.
lc =-V, IR, ®)

The capacitor voltage, V., is same as the bias voltage of OTA stage, V; and is given as follows.

1 1
Vep =V, :C—_[cht =—ijmdt (6)
M M ~M

The expression of flux for the proposed emulator is described as follows.
Pn = J.det (7)

The capacitor voltage, V., can be expressed in terms of ¢, as given in Eq. (8).

Pin
Ve, =V, = o @®)
M ~M

Substituting V; in Eq. (4), the transconductance, ¢, is now expressed as given below.

@i
=K| - —Vgs =V 9
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The applied input voltage, V,, is related to the observed input current, |, as follows.
2
ln = =—+ 9 [Vin (10)
R

Using Eqgs. (9)-(10) the flux-controlled memductance, W (gpin) is outlined as follows.
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It is significant to note that the power supply, V is negative in Eq. (11). It is to be noted that the fixed part of memductance
which defines initial memductance, can be controlled electronically via control voltage, V. . The variable component, on the
other hand, is dependent on the input flux, resistor R,, and capacitor C,, . It should be stated that the negative value of variable
component indicates a decremental memristor emulator. The voltage, V, is now assumed to be a sinusoidal signal i.e.

V,, =V, sinat . The expression of flux is now given as follows.

00 = I cos (at - 7) (12)
w

Subsequently, the memductance of the memristor emulator is modified as given in Eq. (13).

I 2
n

Vjncos (ot — 1)

(13)

Eq. (13) shows that memductance is reliant on the input signal parameters amplitude and frequency, resistor R,, and capacitor

C, - Itis also observed from Eq. (13) that for infinite value of input frequency, the memristor operates as a linear resistor.

Moreover, the memductance represented in Eq. (13) can have a negative value if the frequency becomes low, so it
reflects the operation of decremental memristor emulator. The limitation of minimum operating frequency ( fin ) which prevents

the memductance to become negative is given in Eq. (14).

> KV (14)

min 2
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f

On similar grounds, incremental memristor emulator can be designed if a switch is connected across Z.  and analysis
of the circuit yields the following memductance expression.

I 2 V,,cos(at—1)
W(p )=-"=—+K(-V, -V, )+ Kreror——= 15
((pm) V. R, ( ss TH) R, C,, 15)
4.2 Non-Ideal Study of Memristor Emulator
The non-ideal model of CFDITA is characterized by the following port relationships.
Iz =ale, le =ayle, e = a5l g :79m(vv _VZ) (16)

where o, o, and o, are the non-ideal current gains and y is the transconductance inaccuracy. The proposed memristor emulator

is analyzed again taking into consideration the non-ideality and parasitic of CFDITA. The observed input current and applied
voltage relation is as follows.

Iin z[l;al +gmjvin (17)

M

The modified transconductance, g,, is now expressed in Eq. (18).

Oy
=Kl = 2%in “Vee =V. 18
Om (—Rfmcﬂﬂ ss THJ (18)
where R, =R +R,,,C|, =C,. +C,, .

The modified expression of memductance of the proposed emulator is given as in Eq. (19).
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The memductance of the proposed decremental memristor emulator in terms of amplitude and frequency of the input signal is
given in Eq. (20).

I 1+a Vj,cos(at —7)
W (g )= ==—2+yK(~Vgg —Vyy )~y K ———> (20)
(o) Vi, Ry ( ) @R, Cla
Similarly, memductance of the proposed incremental memristor emulator is outlined as follows.
I 1+a Vincos(at — )
W =0 ==L K (Vg —Vpy )+ gy K —— = 21
(?’m) v, R, e ( ss TVTH ) 3V @R}, Cl, (21)

5. Simulation Results of Memristor Emulator

The proposed memristor emulator is verified using PSPICE simulations with £0.75 V supply voltages. The W/L ratio of MOS
transistor used as a MOS capacitor is selected as 35 um/50 um to yield a capacitance value of 4 pF. The W/L ratio of MOS
transistor used as resistor is selected as 4 um/2 pm to yield a resistance value of 2 kQ. Control voltage is selected as V. =0.65V

, input voltage V,, is a sinusoidal voltage signal, with an amplitude of 0.3 V and a frequency of 2 MHz. The circuit of decremental

memristor emulator is verified first. Figure 8 illustrates the transient responses of the proposed decremental memristor emulator
for voltage signal, V,, and current signal, I,,. A non-linear behavior in memristor current is observed in this. Additionally, the

fundamental property of memristor emulator (current signal, |, converges to zero when voltage signal, V, is zero) is also

confirmed in this. The PHLs of the proposed memristor emulator for different frequencies (2, 5 and 10 MHz) are shown in Figure
9 (a). It is noted that the relationship in voltage and current is more non-linear at lower frequency. The pinched hysteresis
characteristics of the proposed memristor emulator for two distinct values of frequency as well as a capacitor to yield a constant
multiplication factor are shown in Figure 9 (b). It has been observed that PHL remains unchanged for a constant multiplication
factor irrespective of the change in values of frequency and capacitor. Figure 10 shows the PHLs at 5 MHz frequency for different
values of control voltages (0.65, 0.8 and 0.95 V). In this, the resistance R,, decreases with the increment in control voltage and

hence increases the memristor current.

The impact of process, voltage, and temperature (PVT) variations on the PHL of the proposed emulator has been
thoroughly examined. Figure 11 (a) illustrates the effect of variation in supply voltages on PHL, showing the responses at three
different voltage levels: £0.65 V, £0.75 V, and +0.85 V. A slight variation in current amplitude is observed with changes in the
supply voltage. Figure 11 (b) presents the PHLs at various temperatures (25°C, 40°C, 55°C, and 70°C), indicating that the
pinched characteristics of the proposed emulator are minimally affected by temperature variations. To evaluate the influence of
process variations, Monte Carlo (MC) simulations with 100 runs are conducted, incorporating a 1% Gaussian deviation in the
threshold voltages and gate oxide thickness of the MOS transistors. The resulting PHLs from these simulations are shown in
Figure 12 (a). Figure 12 (b) displays a histogram of the peak memristor current, revealing a mean value of 286 pA (3% deviation
from the ideal value). Figure 12 (c) shows the histogram of the memristor current frequency, with a mean value of 1.99 MHz
(0.5% deviation from the nominal frequency). The effects of process corners namely, Slow-Slow (SS), Typical-Typical (TT), and
Fast-Fast (FF) on the PHL of the proposed emulator have also been investigated. Figure 13 presents the corresponding PHLs
under these three process conditions. The results indicate that while there are slight variations in the PHLs due to process corner
shifts, the overall characteristics remain largely preserved, demonstrating the robustness of the proposed design against process-
induced variations. The proposed decremental memristor emulator is also tested at higher frequencies (20, 30 and 40 MHz) as
illustrated in Figure 14 where capacitance value is chosen as1 pF. The proposed incremental memristor emulator is also verified.
The PHLs between voltage and current of the proposed incremental memristor emulator for different frequencies (2, 5 and
10 MHz) are shown in Figure 15. The memory behavior of the proposed incremental and decremental memristor emulators is
evaluated using a pulse signal of 80 mV amplitude, with a pulse width of 50 nS and a pulse period of 200 nS. Figures 16 (a) and
(b) depict the corresponding transient responses for the incremental and decremental emulators, respectively. As observed, the
memristor current increases or decreases during the ON phase of the pulse and retains its last value during the OFF phase,
demonstrating the characteristic non-volatile memory behavior of the emulators.

6. Experimental Results

The proposed memristor emulator circuit is verified experimentally using commercially available off-the-shelf ICs AD844,
LM13700 and discrete components on a breadboard. The schematic diagram of the proposed memristor emulator is illustrated
in Figure 17 (a) along with a picture of the breadboard setup shown in Figure 17 (b). When switch S is set to position 1, it
functions as an incremental memristor emulator, while in position 2, it operates as a decremental memristor. It is important to
note that an additional resistor R, is utilized in the practical circuit to implement the Z. and Z._ terminals. Resistors R, and
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R,, each valued at 10 kQ, are utilized to supply bias current to the OTA IC, LM13700. A supply voltage of +£10 V is applied
during the experiment. The input sinusoidal voltage signal (5V,, ) is generated using a RIGOL 200 DG822 function generator,
and the resulting waveforms are captured and displayed on a RIGOL DS1104 digital storage oscilloscope (DSO). The capacitor
value is selected as C =1nF . The current through the memristor is measured according to the method illustrated in Figure 18
(b) of [31]. Figures 18 (a) and (b) respectively display the transient waveforms and PHLs of the incremental memristor at
frequencies of 5 kHz and 20 kHz, with resistor values set as R =R, =10 kQ. The transient waveforms and PHLs of the

incremental memristor at frequencies of 20 kHz and 100 kHz are shown in Figures 19 (a) and (b) respectively when the resistor
values are adjusted to R, =R, =1 kQ and PHLs are observed to shrink with the increase in frequency. Figures 20 (a) and (b)

illustrate the transient waveforms and PHLs of the decremental memristor at frequencies of 5 kHz and 20 kHz respectively.

7. Application as Relaxation Oscillator

The proposed grounded memristor emulator is utilized in the relaxation oscillator to evaluate its reliability. An op-amp-based
relaxation oscillator, which is a well-known circuit, serves to assess the usefulness of the proposed memristor emulator. The
grounded resistance in the circuit is substituted with the introduced memristor emulator as shown in Figure 21. A thorough
mathematical derivation explaining the operation of the relaxation oscillator with the memristor emulator can be found in [42].
The parameters used to analyze the performance of the relaxation oscillator incorporating the memristor emulator, are given as
follows: Externally connected components R, =50 kQQ, R, =10kQ and C=100nF . The simulation parameters for the

emulator are taken as R,, =4 kQ) and C,, =100 nF . A Zener diode of is included to restrict the output voltage of the square
wave. The simulation results show the output square voltage (VS ) , capacitor voltage (V) and memristor voltage (VM ) , as

illustrated in Figure 22. The output square voltage has a magnitude of 1.1 V with oscillation frequency of 350 Hz. In contrast to
[42], which incorporates six active blocks and nine passive components in its memristor emulator, the relaxation oscillator
depicted in Figure 21 utilizes a more streamlined memristor emulator comprising only one active block and two passive elements.

8. Comparison Study

This section provides a comparison of the proposed memristor emulator with the relevant previously reported emulators as
summarized in Table 3. The comparison is based on the number of active elements, the number of passive components, the use
of similar types of active elements, operating frequency, supply voltages, power consumption, and the use of an analog multiplier
(AM). 1t is observed from the table that the proposed design uses only one ABB, along with one MOS-based capacitor and one
MOS-based resistor, offers good operating frequency (40 MHz), low supply voltages (+0.75 V) and low power consumption (0.8
mW). The proposed memristor emulator can be utilized in various analog signal processing applications, such as filters and
chaotic oscillators, in neuromorphic applications, and in [oT as a motion detector system [43-45]. A recent trend in analog circuit
design is to extend the memristor emulator circuits to realize the memcapacitor and meminductor emulators [46-49].

9. Conclusion

In this research work, an active device based on FG technology, namely, the CFDITA is presented. This proposed device is
proven to be a high-performance device with a current dynamic range of +2.5 mA, an operational bandwidth of 162 MHz, a
maximum transconductance of 1.1 mS and a power consumption as low as 0.8 mW only. This high-performance device is further
used to realize a grounded incremental/decremental memristor emulator. The proposed memristor emulator design supports
modern integration technology due to the use of only MOS transistors and exhibits the non-linear behavior in the absence of a
complex multiplier. The detailed ideal and non-ideal analyses of the proposed design are included in this research study. The
performance of the proposed design is validated through SPICE simulations. The designed memristor emulator exhibits a high
operational simulation frequency of 40 MHz, low power consumption of 0.8 mW and low supply voltages of £0.75 V. The
proposed memristor emulator is also experimentally verified using commercial ICs AD844 and LM13700 and operational
experimental frequency is observed to be 50 kHz. All the results are in good agreement with the theoretical analysis.
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Figure 17. (a) Schematic diagram of the proposed FGMOS CFDITA using commercial ICs
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Table 1: Performance parameters of the proposed CFDITA

Performance Parameters Simulated Values
Supply voltages +0.75V
Power dissipation 0.8 mW
Input current dynamic range —2.5mAto 2.5 mA
Maximum transconductance for |, 1.1 mS
3-dB bandwidth for current gain, I, /1. 450 MHz
3-dB bandwidth for transconductance gain, 1, /(V, -V, ) 162 MHz
Parasitic resistance at F terminal, R; 168 Q
Parasitic resistance at Z terminal, R, 600 kQ
Parasitic resistance at V terminal, R, 1.00x10%° Q
Parasitic resistance at O terminal, R, 132 kQ

Table 2: Comparison of performance parameters of the proposed FGMOS-CFDITA with other FGMOS-ABBs

Reference [5] [6] [7] [8] Proposed
ABB MI-OTA CDTA CDTA OTRA CFDITA
Supply Voltages 1V 14V 1V +06V +0.75V
Dynamic Range -06t006V -130t0 130 mA  -78to 78 pA -- -2.5t025mA
Power Dissipation 1.47 mW 2.6 mW 1.1 mw 37.3nW 0.8 mw

Operational 3-dB bandwidth 127 MHz 82 MHz 33 MHz 118 kHz 162 MHz.
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Table 3: Comparison among the proposed memristor emulators with existing emulators

Resistor(s) and . Floating (F) or Simulation . Power
Ref. ABB/count capacit(OZ(s) acotiri/izlzlllfl: ?n(::rflt grouicge()i Tec;m;)ll)ogy frequency frIZXp Z;lzneat;;) Supp 1}(/VV§1tages consump-
count (G) # (Hz) quency tion

[12] MO-OTA/1 1C Yes F 0.18 1M -- +0.9 --
[13] VDCC/1, MOS/2 1C No G 0.18 2M 48 k +0.9, £12* --
[14] CCTA/1, CCII/1 3R, 1C No F 0.25 5M 100 k +1.5, £10* --
[15] DO-0OTA/2, AM/1 IR, IC No F 0.18 180 k 2k +1.5 --
[16] CCcCII/1 1C Yes G 0.18 7.5M -- +0.9 --
[17] CFTA/1 1C Yes G 0.18 IM 960 k +1.2,+£10 * --
(18] VDTA/2 IR, 1C Yes F 0.18 1.5M 10k +0.9, £10* -
[19]  OTA/1, MOS/3 2¢C Yes F 0.18 24 - 1125 ]
[20] CCl11/4, AM/1 3R, 1C No F -- 40 k 500 +10, +10* --
[21] VDCC/1, MOS/2 1C Yes G 0.18 2M 48 k +0.9, £12* --
[22] VDIBA/2 1C Yes G 0.18 12.7M 820 k +1,+£10*  1.34 mW
[23] VDCC/1, OTA/1 1C No F 0.18 8M 100 k +0.9, +10* --
e I 5R,1C No F - 150 150 +10% -
231 S0, OPAMPIT, 15R,1C No G - 5G 13M +15% -
[26] MOS/5 1C Yes F 0.18 66 k -- -- 6.8 uW
[27] CCCCTA/1 2R, 1C Yes G 0.18 M 700 k +1.1,+4.7% 22 mW
[28] OTA/1, DVCC/1 No G 0.18 M -- +1.2 --
[29] DTMOS/1, MOS/3 1C Yes F 0.18 3M 500 k -- 8.24 uW
[30] OTA/1, CDBA/1 1C No F 0.18 IM -- +0.9 --
[31] CFDITA/1 1C Yes F 0.18 10M 100 k +1.25, £10* --
[32] CCIV/1, VDIBA/1 IR, 1C No G 0.18 25M -- +0.9 2.4 mW
[33] DVCCTA/1 3R, 1C Yes G 0.18 M 100 k +1.25, £8%* --
[34] DDCCTA/1 2R, 1C Yes F 0.18 6 M 58k +0.9, +10* --
[35] P-MOSFET/1 IR, 1C Yes F 0.045 80 M 500 k 0 7.751 pW
[36] VCCC/1 IR, 1C Yes G 0.18 150 M 3k +0.9, £12* 212 uyW
[37] AG cell-OTA 1C Yes G 0.18 100 M 100 k +0.9, £5* 0.46 mW
[38] VCCCII/1 1C Yes G 0.18 150 M -- +0.9 2.12 pyW
\T;Oljk CFDITA/1 1Ry, 1 Cu Yes G 0.18 40M 50 k +0.75,£10* 0.8 mW

Abbreviations: MO-OTA: Multiple-output operational transconductance amplifier; VDCC: voltage differencing current conveyor; CCTA:
current conveyor transconductance amplifier; CCII: second-generation current conveyor; DO-OTA: dual-output OTA; AM: analog multiplier;
CCCII: current controlled second generation current conveyor, CFTA: current follower transconductance amplifier; VDTA: voltage
differencing transconductance amplifier; VDIBA: voltage differencing inverting buffered amplifier; VCLR: voltage controlled linear resistor;
OPAMP: operational amplifier; SG: sine wave generator; CC: current conveyor; CCCCTA: current controlled current conveyor
transconductance amplifier; DVCC: differential voltage current conveyor; VDTA: voltage differencing transconductance amplifier; DTMOS:
dynamic threshold voltage MOSFET; CDBA: current differencing differential amplifier, CF: current follower, DVCCTA: differential voltage
current conveyor transconductance amplifier, DDCCTA: differential difference current conveyor transconductance amplifier, P-MOSFET: P-
channel metal oxide semiconductor field effect transistor; VCCC: voltage controlled current conveyor; AG cell: Arbel-Goldminz cell; VCCCII:
second-generation voltage-controlled current conveyor; * indicates experimental supply voltages.



