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Abstract
This paper presents an ultra-low-power and high-gain low-dropout (LDO) regulator. 
It is based on the flipped voltage follower cell with an adaptive biasing technique 
that is suitable for implantable biomedical applications. The error amplifier for the 
proposed regulator consists of two cross-coupled common-gate cells and a pseudo-
folded-cascode structure to increase the regulator’s loop gain. In addition, three 
different compensation techniques including Miller, cascode, and Q-reduction are 
simultaneously utilized at the LDO regulator to achieve high stability despite having 
the minimum load current and ultra-low power consumption. The proposed LDO 
regulator has been simulated in TSMC 90-nm CMOS technology with minimum 
power consumption of 2.8 µW at no load. Post-layout simulation results show that 
the proposed LDO regulator is stable over load currents from 30 µA to 40 mA with a 
maximum on-chip CL of 100 pF. Moreover, the voltage regulator settles in less than 
850 ns at 0.75 V output voltage that is achieved in response to a load transient step 
of 40 mA with a rise time of 200 ns. Besides, the obtained line and load regulations 
are significantly improved to 1 mV/V and 36 µV/mA, respectively.
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1  Introduction

Low-dropout (LDO) regulators are one of the important parts of power manage-
ment systems in radio frequency identification tags and implantable biomedi-
cal devices [22, 25, 26], where the supplied energy to these systems should be 
severely restricted. In addition, the active silicon area of the LDO regulators com-
prising the transistors and compensation capacitors must be as small as possible. 
In implantable biomedical applications, voltage regulators should consume ultra-
low quiescent current to have longer LDO regulator battery lifetime, low dropout 
voltage, small chip area, high power supply rejection (PSR), and stable operation 
at low load currents [18, 19, 24]. Moreover, fast line and load transient responses 
at the output of the voltage regulator are also extremely important.

As yet, several LDO regulators have been reported in [4, 9, 10, 13, 14, 20, 16, 
17]. In [9], the regulator combines the single-stage load regulation with replica 
biasing. It achieves optimum load regulation and a very fast time response with a 
high quiescent current of 6 mA, which is not suitable for low-power applications. 
The LDO regulator in [20], by using two flipped voltage follower (FVF) struc-
tures and a push–pull output stage at the error amplifier, improves the transient 
response by a very low quiescent current of 1.2 µA. This regulator also suffers 
from a poor loop stability at low load currents and small loop gain. In [4], the 
error amplifier of the regulator is based on the structure in [20]. However, the set-
tling time of the regulator output voltage is about 6 µs which is too long when the 
load current changes from 1 to 100 mA although the fall and rise times for line 
and load transient responses have been considered a large amount of 1 µs.

In [14], a telescopic-cascode output structure is utilized at the output stage of the 
regulator instead of the push–pull amplifier to improve the loop gain of the architec-
ture presented in [20]. In addition, a dual-path active-feedback frequency compensa-
tion scheme is exploited to enhance both the stability and gain bandwidth (GBW) of 
the LDO regulator. Consequently, there is no restriction in the load current require-
ment in the operation of the LDO regulator at very low load currents and the tran-
sient response is simultaneously improved. However, rather large on-chip capacitors 
(totally 6 pF) are used for frequency compensation as well as consuming a relatively 
large quiescent current of 14 µA. On the other hand, the obtained line and load regu-
lations have not been improved significantly. In the regulator presented in [10], the 
bias current of the regulator increases rapidly by a dynamic bias boosting technique 
when the output voltage changes suddenly. As a result, it exhibits a faster settling 
time and an extremely lower quiescent current. Higher undershoot and lower loop 
gain are the main disadvantages of this structure. A fast transient regulator has been 
demonstrated in [13]. It is based on a dual dynamic-load composite gain stage for 
FVF topology to have a reasonable high gain and improved line and load regula-
tions. It also consumes a quiescent current about 50 µA in no-load condition. There-
fore, it is very challenging to design an ultra-low-power and fast transient response 
output capacitor-less low-dropout (OCL-LDO) regulator with high loop gain.

To overcome the challenges of previous methods, an ultra-low-quiescent-cur-
rent three-stage LDO regulator with a fast transient response is proposed in this 
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paper by using the concept of FVF structure. However, by adding an extra stage 
to the error amplifier, the regulator benefits from high gain, improved line and 
load regulations, and enhanced PSR. In order to achieve the stability of the LDO 
regulator, a compensation network including three different compensation tech-
niques is proposed despite consuming almost the same quiescent current as the 
one in [20]. In addition, for gain bandwidth improvement, an adaptive biasing 
technique is utilized.

The rest of the paper is organized as follows. In Sect. 2, the structure of the pro-
posed LDO regulator and its analysis are presented. Section 3 describes the circuit 
level implementation of the proposed LDO regulator. The simulation results, discus-
sions, and performance comparison with several other recent LDO regulators are 
provided in Sect. 4. Finally, the conclusions are given in Sect. 5.

2 � Proposed LDO Regulator

In this section, the structure and analysis of the proposed three-stage LDO regulator 
are presented.

2.1 � Proposed LDO Regulator Architecture

Figure 1 shows the conceptual architecture of the proposed three-stage LDO regula-
tor without the compensation network which is originated from the LDO regulator 
structure presented in [20]. It consists of two differential common-gate transcon-
ductance cells (GmH, GmL), an additional gain stage (Aex), a current summation cir-
cuit to add currents of two parallel paths, a power transistor MP, and the load capaci-
tor CL. Vout, VIN, and VREF are the output, input, and reference voltages, respectively. 
Since most of the voltage references do not have the output current-driving capa-
bility, the buffer stage is added after the reference voltage. In comparison with the 
structure in [20], an additional gain of Aex is added to the error amplifier to boost 

Fig. 1   Conceptual architecture of the proposed LDO regulator
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the loop gain and hence to improve both line and load regulations despite dissipat-
ing approximately the same static power as the structure in [20]. The two Gm cells, 
including GmL and GmH which are in the form of a current mirror (MLa, MLb, and IB), 
constitute a push–pull stage. By these two cells and assistance of Aex and the current 
summation circuit, an extra current is provided for charging and discharging of the 
capacitor C2. The maximum output current, IO,max, is no longer limited by the con-
stant current source, IB (as in the case of a conventional amplifier with a tail current 
source). This current is increased due to the difference between V− and V+. As it is 
seen, when V− is decreased, IO,max is increased, while the source voltage of MLb is 
fixed [20]. Besides, in order to achieve an ultra-low quiescent current and improve 
the gain bandwidth of the regulator, the adaptive biasing technique [8, 17] formed 
by IAB is added to the first gain stage. The adaptive biasing technique is achieved 
by making the biasing current proportional to the current in power transistor that is 
explained more in the following.

2.2 � Stability Analysis

The LDO regulator in [20] is composed of only two stages in the open-loop struc-
ture, and the output impedance of the regulator is modified to the small quantities 
due to the small input impedance of the common-gate differential input Gm cells. 
In [20], the stability is always achieved without needing any compensation 
scheme. In this paper, an extra stage is added to the error amplifier part of the 
LDO regulator to boost the loop gain. Therefore, a precise frequency compensa-
tion technique is required to ensure the stability of the regulator. The proposed 
compensation network for the three-stage LDO regulator in an open-loop block 
diagram is shown in Fig. 2. Vin is the input voltage of GmL and GmH cells in Fig. 1 

Fig. 2   Open-loop block diagram of the proposed three-stage LDO regulator
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which should be opened for stability analysis at the output node (Vout). It is worth 
mentioning that in the small-signal analysis of the loop gain, a resistance equiva-
lent to 

(
1

gm,La

|| 1

gm,Hb

)
=

1

gm,La+gm,Hb

 is placed in parallel with the load impedance at 
the output node when the feedback loop is broken where gm,La and gm,Hb are the 
transconductance of MLa and MHb transistors in GmL and GmH cells, respectively. 
Since the current of these transistors is about 100 nA, the equivalent resistance 
becomes about 120 kΩ. On the other hand, the load resistor is changed from 18 Ω 
to 30 kΩ owing to the load current range of 30 µA to 40 mA. Therefore, in the 
small-signal analysis of the loop gain, the loading effect of the Gm cells at the 
output of the regulator can be neglected as well.

In Fig. 2, gm1 is the transconductance of the first stage, and according to Fig. 1, 
it includes GmL and GmH cells, and the additional stage of Aex. gm2 is considered 
as the transconductance of the second stage including the current summation cir-
cuit in Fig. 1 and gmp is the transconductance of the third stage as the representa-
tive of the power transistor. R1, R2, and RL are the output resistances of the first, 
second, and third (output) stages, respectively. Also, C1 and C2 depict the para-
sitic capacitances at the output of the first and second stages, respectively, and CL 
is the load capacitance.

The stability of the proposed LDO regulator is achieved by three different 
compensation techniques including Miller, cascode, and Q-reduction. With the 
Miller compensation capacitor (CM), the poles are split and the dominant pole is 
placed at very low frequency and it is not at the output of the regulator. The para-
sitic pole at the output is located at high frequencies. By using two current buff-
ers and two cascode compensation capacitors (Ca and Cb), a left half-plane zero 
is created to reduce the effect of non-dominant poles and hence to improve the 
stability and power supply rejection (PSR) of the regulator [29]. gma and gmb rep-
resent the transconductance, and Ra and Rb are the input resistance of the current 
buffers. These two current feedback paths are chosen to be the same which yields 
to Ca = Cb, Ra = Rb = 1/gma = 1/gmb [21, 28, 29]. In addition, these two capacitors 
affect the dominate pole and split it further from other non-dominate poles. The 
Q-reduction capacitor (CQ) and the gmf current buffer with the input resistance 
of Rmf = 1/gmf reduce both the on-chip capacitance and the minimum output cur-
rent requirement [12]. One of the reasons for using three compensation capacitors 
instead of a single Miller capacitor is that the proposed regulator is not stable 
with only the Miller compensation capacitor at low load current. According to the 
simulation results and the results from the regulator in [7, 20], the minimum load 
current for stability of this regulator is about 1 mA when only the Miller capaci-
tor with a value of 0.8 pF is used. However, by using the proposed compensation 
technique, it is reduced to about 30 µA while the total value of the compensation 
capacitors is about 0.5 pF.

The overall open-loop transfer function of the proposed LDO regulator 
is derived by the analysis of the small-signal model shown in Fig.  3. Like the 
analysis of multistage amplifiers in [5, 6], it is assumed that CL ≫ CQ, CM, Ca, 
Cb, C2 ≫ C1, and gm1R1, gm2R2, gmpRL ≫ 1. Hence, the overall open-loop transfer 
function is obtained as follows:
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where Adc is the dc gain. ωp1 and ωGBW are the dominant pole and the gain band-
width (GBW), respectively. They are given by:

Since the output current of a voltage regulator is variable, its stability should be 
examined at different load conditions mainly owing to the changes in gmp. Here, the 
stability of the proposed LDO regulator is examined in two different conditions.

2.2.1 � Stability at Small Load Currents

In this case, the power transistor is in the weak inversion and the gmp is small, but it 
is still larger than gm1 and gm2 (due to the large size of MP). Therefore, a pair of com-
plex poles is constituted in the frequency response of the regulator. To estimate the 
pole-zero locations at small load currents, the transfer function is obtained as:

By decomposing the denominator of relation (1) in the form of (3), the poles, 
zeros and the corresponding resonant frequency, ω0, and the quality factor, Q, are 
given by:
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Fig. 3   Small-signal model of the proposed LDO regulator
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As it is clear from the relation (4), the right half-plane zero ωz3 is placed at a 
higher frequency. The pole ωp4 is almost cancelled with the zero ωz1, and only 
two complex poles affect the stability of the regulator at small load currents.

The Q-reduction capacitor, CQ, affects Q and location of complex poles. 
According to the relation (5), a large CQ can improve the phase margin of the 
proposed LDO regulator at light load currents by increasing the value of real part 
of complex poles and moving them to higher frequencies. On the other hand, an 
appropriate value of CQ can be chosen providing by this condition. If Q < 0.5 is 
achieved, then not only the stability of the regulator would be increased but also 
the time response of the regulator would be improved by decreasing the overshoot 
of the output signal at small load currents [12]. Therefore, the stability of the 
proposed LDO regulator at small load currents can be achieved by considering a 
reasonable value for capacitor CQ as:

Accordingly, the minimum value of CQ should be considered regarding to the above 
condition.

The other condition for stability at small load currents is that the resonance 
frequency, ω0, should be at least twice as large as the GBW [7]. This condition 
results in:

By knowing gmp =

√
2�pCox(W∕L)

(
1 + �(VIN − Vout)

)
ILoad and the stability 

condition of the regulator, the minimum required load current is obtained as 
follows:
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According to the relation (8), the minimum required load current is measured and 
it is proportional to the load capacitance. So the LDO regulator can be worked for 
even lower load currents (less than 30 µA for this work) while using smaller load 
capacitance at the output of the regulator.

2.2.2 � Stability at Large Load Currents

In this case, the load current is large and the power transistor is biased in the strong 
inversion. So, gmp is much larger than gm1 and gm2. At this condition, the second-
order function at the denominator of (1) has two real poles, and it is simplified as:

where the value of the poles and zeros is given by:

In this case, ωz3 is still placed at a higher frequency and ωz1 and ωp4 cancel each 
other. Therefore, in this case, we almost have one dominant pole, one non-domi-
nant pole, and a right half-plane zero that is located at high frequencies. Owing to 
the large value of gmp, the stability of the regulator is easily achieved at large load 
currents.

3 � Circuit Level Implementation

Figure 4 shows the circuit realization of the proposed LDO regulator where the 
overall loop gain amplifier is implemented by a pseudo-folded-cascode structure 
with a common-gate differential input pair and consists of M1–M10 transistors. 
The transconductance of the first stage in the error amplifier (gm1) is determined 
by transistors in the GmL and GmH cells and M1–M2 transistors. The second stage 
is realized by transistors M11–M14. Transistors M11 and M12 make two parallel 
paths to form the push–pull output stage as the current summation part of the 
circuit, and it is plotted in Figs. 1 and 2 as a part of Gm2. In addition, these two 
transistors enable the proposed amplifier with large output voltage swing at the 
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Fig. 4   Circuit level realization of the proposed LDO regulator without the biasing circuit
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gate of the power transistor. A large power PMOS transistor (MP) with a transcon-
ductance of gmp is used in the third stage. All these transistors except MP always 
operate in the strong inversion region.

The quiescent current is defined as the leakage current of the whole circuit 
at the lowest load current (30 µA in this work) which has been fixed to 1.83 µA 
in this work. Since this small quiescent current deteriorates the performance 
at higher load current, an adaptive biasing circuit is introduced to increase the 
bias current of the regulator with direct relation to the load current. As a result, 
much more leakage current for the circuit is dissipated when the load current is 
increased. However, the adaptive biasing network comprised of Ma1–Ma8 transis-
tors is biased in the weak inversion region like the transistor of MP at small load 
currents so that no additional current (IAB) is not summed with the bias current. 
As long as the load current is increased, a specified current with a proportion of 
the load current is transferred to the GmL and GmH cells by Ma1–Ma8 transistors 
and the bias current rises, leading to the large gm1 for the error amplifier. As a 
result, the GBW of the LDO regulator (gm1/(2Ca + CM)) is also improved at large 
load currents. Due to using two Gm cells before the error amplifier and two paral-
lel paths inside the error amplifier, the slew rate of the regulator at the gate of the 
power transistor is being symmetrical and improved. A push–pull output stage 
with the assistance of Gm cells can provide more current at the output of the error 
amplifier to charge and/or discharge the gate of the power transistor during the 
instantaneous transient. It is worth mentioning that Ma7 and Ma8 transistors can 
also be directly mirrored from Ma1 transistor. In this case, the adaptive biasing 
circuit is simplified.

The transistor M15 is designed to be off in the steady state of the circuit. When 
Vout increases due to the rapid decrease in the load current, this sudden change is 
transferred to the gate of M15 and makes a new path to the gate of MP to discharge. 
Consequently, M15 provides more discharging current for the gate capacitance of the 
power transistor and enhances the slewing at the gate of the power MOSFET.

Because of the small input impedance of the common-gate differential input Gm 
cells, the required reference voltage should be buffered before applying to these low-
impedance nodes. Thus, as shown in Fig. 4, a voltage buffer comprised of M01–M06 
transistors [7] is utilized and it is designed to drive the Gm cells with about 200 nA 
current consumption. In addition, the stability of two-stage voltage buffer is achieved 
by using Cbuffer as the compensation capacitor. An ideal VRef is considered in the pro-
posed LDO regulator like the other works reported in [4, 7, 14, 20, 18] where the 
FVF cells have been utilized in the error amplifier to benefit from the current-mode 
amplification. Indeed, the voltage reference design is out of the scope of this paper 
similar to many previously published papers on LDO regulators. For this purpose, a 
voltage buffer is used between the voltage reference and the LDO regulator to isolate 
them.

The VB1–VB4 bias voltages are realized with a simple bias circuit given in [23]. 
The bias circuit consumes about 400 nA. The channel length of all transistors except 
MP is designed to be more than five times of the minimum feature size of the utilized 
technology to achieve a low quiescent current in the steady state and also ensure that 
the error amplifier has fast transient response and high gain.
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4 � Simulation Results and Discussions

To evaluate the usefulness of the proposed LDO regulator, it has been designed and 
simulated in TSMC 90-nm CMOS process. The compensation capacitors have been 
realized with metal-insulator-metal (MIM) capacitors. The core area without the 
output capacitor is 64.5 × 83.7 µm2. According to the post-layout simulation results, 
the proposed regulator has an acceptable performance in load currents from 30 µA 
to 40 mA with an output voltage of 750 mV over the input supply voltage variations 
from 0.9 to 1.2 V. By adding a pseudo-folded-cascode stage to the error amplifier, 
the open-loop gain of the regulator is increased up to 74 dB in order to improve both 
the line and load regulations. The total quiescent current of the proposed LDO regu-
lator, including the bias circuit and VRef buffer circuit, is 1.83 µA and 7.7 µA at load 
currents of 30 µA (no load) and 40 mA (full load), respectively.

The total amount of compensation capacitors for the stability of the proposed 
LDO regulator is about 0.5   pF that is not larger than the case in which only one 
Miller compensation capacitor is used. The external reference voltage is 0.75 V, and 
a maximum capacitor of 100 pF is added at the regulator output to model the CL in 
simulations. In Table 1, the aspect ratio of all transistors and value of all capacitors 
are shown which are used in the circuit design of the proposed LDO regulator. As 
it is seen, the channel length of all transistors is larger than the power transistor to 
achieve low quiescent current and high gain.

Figure 5 shows the simulated loop gain frequency response of the proposed LDO 
regulator under different load current conditions. The stability of the proposed regu-
lator is achieved by three compensation techniques. According to Fig. 5, the mini-
mum phase margin of the loop gain is 46° in the minimum load current of 30 µA 
with a low-frequency gain of 74 dB, whereas the lowest loop gain is 41 dB in 40 mA 
load current with a phase margin of 77°. Table  2 summarizes the simulated loop 
gain frequency response of the proposed regulator in different process corner cases 
and temperature variations for load currents of 30 µA and 40 mA. As it is seen, the 
proposed LDO regulator is stable over PVT variations and different load conditions.

Table 1   Simulated device parameters

Value Parameter Value Parameter

3 × 150 nm/900 nm (W/L)a1,a2 50 × 10 µm/100 nm (W/L)P

150 nm/900 nm (W/L)a3,a4,a5 150 nm/900 nm (W/L)1,2

200 nm/900 nm (W/L)a6,a7,a8 150 nm/720 nm (W/L)3,4,11,12,BH,BL

300 nm/400 nm (W/L)Ha,La,Hb,Lb 400 nm/720 nm (W/L)7,8

150 nm/720 nm (W/L)M01–M04 160 nm/720 nm (W/L)5,6

2 × 150 nm/720 nm (W/L)M06 4 × 500 nm/720 nm (W/L)13

4 × 150 nm/720 nm (W/L)M05 500 nm/720 nm (W/L)14

150 nm/2 µm (W/L)b1,b2,b5,b6,b7,b8 4 × 150 nm/720 nm (W/L)L0,H0

130 nm/4 µm (W/L)b3,b4 2 × 150 nm/720 nm (W/L)15

3 × 180 nm/3 µm (W/L)b9,b10 70 fF, 70 fF Ca, Cb

180 nm/3 µm (W/L)b11,b12 200 fF, 150 fF, 1 pF CM, CQ, Cbuffer
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The simulated load regulation with two different supply voltages of 0.9  V 
and 1.2  V is shown in Fig.  6. The achieved load regulations are about 36  µV/
mA and 88 µV/mA for VIN = 0.9 V and 1.2 V, respectively. Figure 7 also shows 
the simulated line regulation for load currents of 30 µA and 40 mA. When VIN 

Fig. 5   Open-loop frequency response of the proposed LDO regulator under different load currents with 
CL = 100 pF

Table 2   Simulated open-loop 
frequency response of the 
proposed regulator in different 
conditions

ILoad = 30 µA
 Process FF (− 40 °C) TT (27 °C) SS (85 °C)
 DC gain (dB) 71.2 74.1 76.7
 ω GBW (MHz) 1.15 1.2 2.3
 Phase margin (°) 44 46.3 63

ILoad = 40 mA
 Process FF (− 40 °C) TT (27 °C) SS (85 °C)
 DC gain (dB) 47.8 41.5 36.1
 ω GBW (MHz) 0.92 0.73 0.64
 Phase margin (°) 88 77 63
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changes from 0.9 to 1.2 V, the achieved line regulations are about 0.8 mV/V and 
2.8 mV/V for ILoad = 30 µA and ILoad = 40 mA, respectively.

The load and line transient responses of the proposed LDO regulator are simu-
lated to verify the stability and evaluate the transient performance. The simulated 
load transient responses with an output capacitor of 100 pF and CL = 40 pF are 
shown in Fig. 8, where the load current is changed from 30 µA to 40 mA with 
the rise and fall times of 200 ns and VIN = 0.9 V. Consequently, when the output 
capacitor, CL, is reduced, the transient load behavior of the proposed LDO regu-
lator can respond to the intensive changes of load current more quickly. In this 
simulation, the recovery time is about 0.85 µs at IQ = 1.83 µA.

0 5 10 15 20 25 30 35 40
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750.5

751

751.5

752

752.5

ILoad (mA)

V
ou

t
)V

m(
Vin= 1.2 V

Vin= 0.9 V

Fig. 6   Simulated load regulation in two different supply voltages and ILoad = 30 µA to ILoad = 40 mA
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Fig. 7   Simulated line regulation for ILoad = 30 µA and ILoad = 40 mA
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Figure 9 illustrates the simulated transient line response of the proposed LDO 
regulator with CL = 100  pF and two different ILoad = 30  µA and ILoad = 40  mA, 
respectively. VIN varies from 0.9 to 1.2  V within rise and fall times of 200  ns. 
The result shows that the output voltage of the regulator is recovered within 
0.4 µs, while the maximum output voltage spike is less than 100 mV. Figure 10 

(a)

(b)

Fig. 8   Simulated load transient response with Vout = 0.75  V and Vin = 0.9  V: a CL = 100  pF and b 
CL = 40 pF
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shows the simulated power supply rejection (PSR) of the proposed LDO regula-
tor for CL = 100  pF at two different load currents of 30  µA and 40  mA. When 
ILoad is 30 µA, the LDO regulator achieves about − 52 dB at 1 kHz and − 41 dB 
at 100  kHz. When ILoad increases to 40  mA, the LDO regulator achieves about 
− 43 dB at 1 kHz and − 39 dB at 100 kHz.

(a)

(b)

Fig. 9   Simulated line transient response with Vout = 0.75  V, CL = 100  pF: a ILoad = 40  mA and b 
ILoad = 30 µA
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The robustness of the proposed LDO regulator against process and mismatch var-
iations were evaluated through extensive circuit level Monte Carlo simulations. The 
simulated output voltage is shown in Fig. 11 for 1000 runs in which both process 
and local variations of device parameters were taken into account according to the 
statistical and mismatch models of 90-nm TSMC CMOS process. As it is seen, the 
standard deviation of the output voltage is about 19 mV. This value can be reduced 
by using larger devices in voltage buffer circuit.

Table 3 illustrates the performance comparison between the proposed LDO reg-
ulator and several previously reported LDO regulators. The figure-of-merit (FoM) 

Fig. 10   Simulated PSR of the proposed LDO regulator at CL = 100 pF

Fig. 11   DC Monte Carlo simulation result of the proposed LDO regulator
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used in [3, 12, 15, 20] is utilized to compare different LDO regulators in terms of 
important parameters such as the quiescent current (IQ), the maximum load current 
(IL,max), and the load transient response time (TR). Indeed, TR is the required average 
time of the regulator to respond to the created overshoot and undershoot on the out-
put voltage under sudden changes of the load current or power supply. The figure-of-
merit (FoM) is given by:

A lower value of this FoM implies a better transient performance. According to 
Table 3, the proposed LDO regulator achieves an outstanding FoM and it is between 
the state-of-the-art works. It is worth mentioning that the proposed regulator con-
sumes only a quiescent current of 1.83 µA at small load current. So, the power con-
sumption of the proposed regulator is much lower than the other regulators and it 
is about 2.8 µW. In addition, the load and line regulation parameters are better than 
the other LDO regulators. It should be mentioned that the post-layout circuit level 
simulation results of the proposed LDO regulator is reported here, while some of 
the references listed in Table 3 are reporting the measured results and this is not a 
fair comparison. Nevertheless, the achieved outstanding FoM of the simulated LDO 
regulator verifies the efficiency of the proposed techniques.

5 � Conclusions

In this paper, a high-gain and low-power LDO regulator has been proposed. The 
combination of three Miller, cascode, and Q-reduction techniques is used in the fre-
quency compensation of the regulator to achieve the stability with ultra-low power 
consumption. A three-stage error amplifier is utilized, and the loop gain of the 
regulator is increased by using a pseudo-folded-cascode amplifier in the first stage. 
The adaptive biasing technique is employed to provide larger gain bandwidth and 
enhance the slew rate at the gate of the power transistor. The utilized Gm cells based 
on the FVF structure and the push–pull architecture at the gate of the power transis-
tor improve the transient response of the regulator. The quiescent current becomes 
very low by using Gm cells and Q-reduction capacitor. Post-layout simulation results 
verify the usefulness of the proposed regulator, and hence, it can be used in implant-
able biomedical applications where ultra-low power consumption is needed.
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