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This paper presents a low-voltage high-gain wideband three-stage true-class-AB amplifier. This is realized in the 0.18μm CMOS
process. The three-stage class-AB amplifier is proposed based on a compensation topology called nested Miller compensation
along with a memristor to get pole-zero cancellation, which arises beyond the unity gain frequency. The circuit is implemented
without the need for extra components as transistors, resistors, and capacitors, thus saving the complexity of the circuit and
power consumption. The circuit is designed to operate with a supply voltage of ±1V along with a bias current of 175 μA. The
simulation results indicate that this proposed amplifier is capable of driving wide range of resistive and capacitive loads,
furthermore capable of maintaining a phase margin of more than 60°. The total compensation capacitor is 2 pF, which is much
lesser as compared to pseudo- and true-class AB amplifier, which implies a reduction in area. Simulation results show that the
unity gain frequency of the proposed class-AB amplifier is 136.7MHz, which is much higher as compared to the counterpart
topologies. The major advantage associated with this work is a very high bandwidth attained without affecting the gain of the
amplifier.

1. Introduction

Recently, the real bottleneck for analog circuits is to make
them operate at reduced supply voltage; at the same time,
it is desired that there should not be any degradation in its
performance. The modern-day mixed-signal chip is a very
unfriendly environment for analog circuits such as opera-
tional amplifiers, where the power supply is very often
corrupted. This directly results in the performance degra-
dation of the circuit which fails the chip. Hence, it is high
time to develop low-voltage analog circuits to attain suffi-
cient gain, bandwidth, and stability at lower technology
nodes. It is evident that class AB amplifiers are low-
voltage compatible, and our work aims to further enhance

the low-voltage compatibilities of class AB amplifiers.
Class AB operational amplifiers [1–6] with high slew rate,
low-power dissipation, and as they can cause output cur-
rent ample greater than the whole bias current in the out-
put point, make them most suitable for portable electronic
devices such as audio amplifiers, light emitting diodes,
motor drivers, and liquid crystal display drivers [7].

As the channel length of the MOSFET goes on decreas-
ing, consequently, there is a fall in supply voltage, which
aid in to decrease in the gain of the single-stage amplifier.
Hence, the finest technique to increase the gain is to employ
cascading amplifiers in which the overall gain will be the
product of the gain of every stage. But as we go on increasing
the number of stages, stability becomes the major issue. To
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overcome these stability issues, advanced compensation
techniques are used such as Ahuja compensation, nested
Miller compensation [8], and reverse nested Miller compen-
sation [9].

This paper is structured as follows. Analysis and design
of the pseudo- and true-class-AB amplifier along with its
advantages and disadvantages are presented in Section 2.
The theory of memristor is presented in Section 3. The
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Figure 1: Schematic of three-stage pseudoclass-AB amplifier [10].
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Figure 2: Schematic of three-stage true-class-AB amplifier [11].
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Figure 3: Mathematical modelling of TiO2-based memristive device with its equivalent circuit.
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proposed circuit along with its compensation technique and
stability analysis is presented in Section 4. Simulation results
along with a comparison study with the proposed class-AB
amplifier are presented in Section 5. Finally, in Section 6,
our work is concluded.

2. Three-Stage Pseudo- and True-Class-
AB Amplifier

Figure 1 shows the schematic of the pseudoclass AB ampli-
fier [10]. The first stage of the circuit is essentially a simple
differential amplifier, followed by two common source
amplifiers. The first common source amplifier which is
formed by (M6 and M7) provides negative gain, whereas
the second common source amplifier made by (M8 and
M11) provides positive gain. There is a feed-forward path
from V1 to transistor M10, which is responsible for estab-

lishing the push-pull action in the amplifier. The last stage
comprises an NMOS designed by transistors M9 and M11.
For instance, the increase in input voltage V in+ results in
the rise in the current of the transistors M1 and M2 conse-
quences of the fall of the voltage at node V1. Consequently,
the current at transistors M6 and M10 increases; as the tran-
sistor M7 can sink the bias current, the voltage at node V2
rises. The PMOS transistor M10 forms a feed-forward path
beginning node V1 toward the output. So, as the V in+ rises,
the amplifier supplies an enormous source current to the
load. On the other hand, if V in− rises, then the voltage at
node V1 is augmented, and the voltage at node V2 falls
for the occurrence of inverting common source amplifier.
The rise in voltage of transistors M9 and M11 results in
the rise of sinking current, through the output of the tran-
sistor M9. As a result of which, the quiescent current rises
with the rise in the output sinking current causing of loss
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Figure 4: Schematic of modified three-stage true-class-AB amplifier.
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in the current efficiency and power. Hence, the amplifier is
named as pseudoclass-AB amplifier.

It is important to note that the maximum sinking cur-
rent is restricted by supply voltage, whereas the source cur-
rent is independent of the supply voltage.

The compensation scheme used in the pseudoclass AB
amplifier is reverse nested Miller compensation. Later that
is in Figure 2, a gate to drain feedback resistor is employed
between the second-stage amplifier [11], which in turn can-
cels out the gain of the first common source amplifier and
aids in stirring the pole at the gate terminal of the second-
stage common source amplifier to a higher frequency.

3. Theory of Memristor

A memristor is a passive circuit element that is used to
control and restore the amount of current that has flowed
through it in terms of accumulation of charge. Memristors
have several distinct characteristics unlike some other
elements, such as the ability to rebuild their prior value with-
out the usage of electricity. Relied on the electric charge
going across the circuit, the memristance value alters. The
resistivity of the two-terminal component gets impacted by
factors such as the duration, amplitude, and direction of
the applied voltage. The memristor emits dynamic negative
resistance by memorizing its last resistance value generated
when the power is turned off until the voltage is switched
on again. A new modern solid-state memory was born
which operates solely on the change of resistance state yield-
ing nonvolatility and creating an opportunity for the realiza-
tion of innovative circuits. The primary advantages of
memristor include nonvolatility, energy efficiency, CMOS
compatibility, and fast switching speed. Memristor finds its
application ranging from nonvolatile memory to neuro-
morphic computing as it covers both digital and analog
domains [12].

The memristor for circuit analysis can be defined math-
ematically as:

v = R wð Þi, ð1Þ

dw
dt

= f w, ið Þ, ð2Þ

where w is the state variable of the device and R is
generalized resistance. R and f are the explicit functions
of time. The entire resistance of the memristor is recog-
nized by the two variable resistors connected in series,
where the resistances are assumed for the complete length
of the device. The total voltage across the memristor can
be computed as

V tð Þ = Ron
w tð Þ
D

+ Roff 1 −
w tð Þ
D

� �� �
i tð Þ: ð3Þ

Here, some conventions are made: ohmic conductance,
ions drift linearly in a uniform field, and average mobility
of ions is μv.

dw tð Þ
dt

= μv
Ron
D

i tð Þ: ð4Þ

Then, wðtÞ can be expressed as

w tð Þ = μv
Ron
D

q tð Þ: ð5Þ

By inserting Equation (5) in Equation (3), the memri-
stance of the device can be expressed as

m qð Þ = Roff 1 −
μvRon
D2 q tð Þ

� �
: ð6Þ
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Figure 6: Small-signal model of the modified three-stage true-class-AB amplifier.
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A memristor is a three-dimensional stacked composi-
tion. It consists of a TiO2 layer arranged in between the
bottom and top electrodes, namely, Pt and Au which are
characterized as oxygen ion blocking electrodes. In addi-
tion, the Titania switching layer is divided into two cate-
gories: one is stoichiometric TiO2 and another one is the
nonstoichiometric TiO2 as shown in Figure 3. A concen-
tration gradient is formed due to the deficiency in the
oxygen vacancies. As an impact of positive bias, there is a
momentum of oxygen ions to the nonstoichiometric Titania
region from the stoichiometric Titania region, and in the
switching layer, the oxygen vacancies will spread rapidly over
a broad region, allowing the conductance of the memristor to
enhance, causing the device to SET at a lower resistance. The
inversion of the bias potential results in the oxygen ions
returning to the stoichiometric region, causing the device to
be RESET at higher resistance.

4. Proposed Class-AB Amplifier

Figure 4 represents the schematic of the proposed three-
stage true-class-AB amplifier. The first block is made up
of an NMOS differential pair (M1-M2) with a current mir-
ror load (M3-M4). (M8-M9 and M10-M11) are all taken
together to act as a single noninverting stage. Finally, the
output stage is designed by an inverting common source
amplifier M12 and M13. The feed-forward stage is made
up of a PMOS device M12 acting as an active load for
the last stage. It is the basic feature of the class AB ampli-
fier that all the internal transistors have low quiescent cur-
rent, but the output stage has huge sourcing and sinking
ability. When there is an increase in voltage Vin+, the cur-
rent through the transistor M1 and M2 rises, resulting in a
fall in voltage at node V1. As a result, the current through
the transistors M8 and M12 increases. Since M9 can sink
only the bias current, there is a rise in voltage at node
V2 but the current at node M10 is limited to their respec-
tive bias currents. So, the voltage at node V2 is fallen
which turns off the final stage NMOS transistor. The tran-
sistor M12 forms the feed-forward path from node V1 to
the output which causes the amplifier to deliver source
current as Vin+ rises. On the other hand, if Vin− is
increased, it makes the transistor M12 off.

4.1. Nested Miller Compensation. The suggested construc-
tion, depicted in Figure 5, is discussed in detail since the
RHP zero diminishes the bandwidth of the NMC amplifier
and devalues its stability. The feed forwarded transconduc-

tance stage (gmF) is employed to eradicate the feed-
forward small amount of current through Cc1 at the high
frequency range and to enhance the amplifier’s optimum
output transconductance. It should be recognized that
under this topology, gmF is designed to be higher than
gm2. Furthermore, as with the 2-stage Miller compensating
amplifier, a nulling resistor (Rm) is required to negate the
RHP zero.

The third stage, together with the feed-forward stage,
comprises a push-pull output stage. If extra control cir-
cuitry is installed, the output stage can be converted to a
class-AB type. Here, gmF can be considered equivalent to
gm3 to double the GBW because of the reason that the
quiescent currents of the PMOS, as well as NMOS are
the similar. The size of the PMOS is tripled to account
for the fluctuation of the mobility carriers. Cc2, which reg-
ulates the GBW, could be lowered to acquire a bigger
GBW, if a PM less than that of 60 degrees is not essential
in some situations.

4.2. Stability Analysis. The small signal equivalent of the
modified class-AB amplifier is shown in Figure 6. The first
stage is having transconductance of gm1 and the second
stage which is a combination of two inverting amplifiers
is having transconductance gm2, and the third stage is
gm3. The feed-forward path is having transconductance
gmF. The corresponding impedance concerning ground at
the respective nodes V1, V2, and the output node VOUT
is R1//C1, R2//C2, and ROUT//COUT, respectively. The over-
all gain of the proposed class-AB amplifier is approxi-
mately the product of their respective individual gains of
the corresponding stages and is given by

AV ≈ gm1R01gm2R02gm3R03: ð7Þ
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Figure 7: Pole/zero location of the proposed circuit (not to scale).

Table 1: Pole/zero location of proposed class-AB amplifier.

Poles Zeros

−4:475 × 104 −2:01 × 107

−1:540 × 107

−1:742 × 108

−9:125 × 108
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Figure 8: Simulated (a) magnitude and (b) phase plot of the proposed three-stage true-class-AB amplifier, driving 25 pF//1 KΩ, 100 pF//
10KΩ, and 200 pF//1MΩ.
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The stability of nested Miller compensation with feed-
forward transconductance and a nulling resistor amplifier
is insensitive towards the variation in the circuit parame-
ters as the stability depends on the ratio of transconduc-
tance and capacitor.

5. Simulation Results

Figure 7 shows the different pole and zero locations of the
proposed circuit. From the pole/zero values in Hz (i.e., poles
locations are −4:575 × 104, −1:540 × 107, −1:742 × 108, and
−9:125 × 108, and zero location is −2:01 × 107), these values
were obtained during the simulation process from the
Cadence® software with Virtuoso tool using 180nm CMOS
technology. The proposed circuit contains four left hand
part poles and one left hand part zeros. Table 1 summarizes
the poles and zeros values. The zeros located at higher fre-
quencies are not taken into consideration due to their negli-
gible effect on stability.

The effectiveness of the proposed class-AB amplifier is
realized by employing nested Miller compensation, and it
is found to be comparable with its counterparts when it
is simulated using a 0.18μm CMOS process. It is even
observed that the amplifier consistently provides a phase
margin greater than 60°, for a wide range of loads, which
is a parallel combination of resistor (500Ω-1MΩ) and
capacitor (1-200 pF). The amplifier is made to drive vari-
ous loads of 200 pF//1MΩ, 100 pF//10KΩ, and 25 pF//
1KΩ as shown in Figure 8, then its gain and phase
margin are inferred.

Table 2 gives the summary of the ac simulation carried
out for three amplifiers driving a load of 25 pF//1KΩ.

6. Conclusion

A simple compensation technique, i.e., nested Miller com-
pensation, along with a memristor, have been presented in
this work. The proposed class-AB amplifier operates with
a low supply and simple bias circuit. The proposed class-

AB amplifier was simulated in a 0.18μm CMOS process,
and simulation results were comparable with true and
pseudoclass AB amplifier in accordance to phase margin,
common-mode rejection ratio, gain and slew rate, unit
gain frequency, and third harmonic distortion. The pro-
posed circuit, if implemented physically in portable
devices, would have definitely strive the hunger in terms
of area and power as compared to its counterpart.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

References

[1] C.-H. An and B.-S. Kong, “High-speed rail-to-rail class-AB
buffer amplifier with compact, adaptive biasing for FPD appli-
cations,” Electronics, vol. 9, p. 2018, 2020.

[2] R. P. Caffey and R. Pandey, “High performance CMOS current
mirror using class-AB level shifted bulk driven flipped voltage
follower cell,” Journal of Circuits, Systems and Computers,
vol. 28, no. 8, article 1950140, 2019.

[3] M. Akbari and O. Hashemipour, “A class-AB bulk-driven
amplifier with enhanced transconductance using quasi-
floating gate method,” Journals of Circuits, Systems and Com-
puters, vol. 27, no. 9, article 1850137, 2018.

[4] N. Mehta, J. H. Huijsing, and V. Stojnovic, “A 1-mW class-AB
amplifier with −101 dB THD+N for high-fidelity 16Ω head-
phones in 65-nm CMOS,” IEEE Journal of Solid State-Circuits,
vol. 54, no. 4, p. 948, 2019.

[5] N. Mehta, J. Huijsing, and V. Stojanović, “A 1mW −101DB
THD+N class-AB high-fidelity headphone driver in 65 nm
CMOS,” in In Proc. IEEE Symp. VLSI Circuits, Honolulu, HI,
USA, pp. 235-236, IEEE, Honolulu, HI, USA, 2018.

Table 2: Performance comparison of amplifiers in Figures 1–3. Driving a load of 25 pF//1KΩ.

Pseudoclass-AB True-class-AB Proposed true-class-AB

Technology 0.5 μm 0.18μm 0.18μm

Supply voltage ±1.25V ±1.25 V ±1V
Total CC 25 pF 12 pF 2 pF

ROUT 500Ω-1MΩ 500Ω-1MΩ 500Ω-1MΩ
COUT 1 pF-200 pF 1 pF-200 pF 1 pF-200 pF

DC gain (dB) 67.3 63.4 70.5

Unit gain frequency (MHz) 2.6 4.9 136.7

Phase margin (deg) 99 83 69.2

Gain margin (dB) 30 15 7

CMRR @ DC (dB) 71 80 83

THD (dB) -45.7 -47.1 −15 dB@Vout = 1:6Vpp
Slew rate (V/μs) 1.3 2.7 175

7Journal of Nanomaterials



[6] L. H. Rodovalho, “Push–pull based operational transconduc-
tor amplifier topologies for ultra low voltage supplies,” Analog
Integrated Circuits and Signal Processing, vol. 106, no. 1,
pp. 111–124, 2021.

[7] C. W. Lu, “A rail-to-rail class-AB amplifier with an offset can-
cellation for LCD drivers,” IEEE Journal of Solid-State Circuits,
vol. 44, no. 2, pp. 525–537, 2009.

[8] R. G. H. Eschauzier, L. P. T. Kerklaan, and J. H. Huijsing, “A
100-MHz 100-dB operational amplifier with multipath nested
Miller compensation structure,” IEEE Journal of Solid-State
Circuits, vol. 27, no. 12, pp. 1709–1717, 1992.

[9] G. Cataldo, R. Mita, G. Palumbo, and S. Pennisi, “Reversed
nested Miller compensation with voltage follower,” in In
2002 IEEE International Symposium on Circuits and Systems,
pp. 827–830, IEEE, Phoenix-Scottsdale, AZ, USA, 2002.

[10] R. Mita, G. Palumbo, and S. Pennisi, “Design guidelines for
reversed nested Miller compensation in three-stage ampli-
fiers,” IEEE Transactions on Circuits and Systems II:Analog
and Digital Signal Processing, vol. 50, no. 5, pp. 227–233, 2003.

[11] P. R. Surkanti and P. M. Furth, “Converting a three-stage
pseudoclass-AB amplifier to a true-class-AB amplifier,” IEEE
Transactions on Circuits and Systems II:Express Briefs,
vol. 59, no. 4, pp. 229–233, 2012.

[12] S. Sahoo, G. Ramana Murthy, S. Ramesh, and G. Anitha,
“Hybrid CMOS-memristor based operational transconduc-
tance amplifier for high frequency applications,” Sustainable
Energy Technologies and Assessments, vol. 53, article 102506,
2022.

8 Journal of Nanomaterials


	A Low-Voltage Hybrid CMOS-Memristor-Based Wideband Class-AB Amplifier for Portable Electronic Device Applications
	1. Introduction
	2. Three-Stage Pseudo- and True-Class-AB Amplifier
	3. Theory of Memristor
	4. Proposed Class-AB Amplifier
	4.1. Nested Miller Compensation
	4.2. Stability Analysis

	5. Simulation Results
	6. Conclusion
	Data Availability
	Conflicts of Interest

