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Abstract - This paper presents a low-dropout (LDO) regulator 

with an embedded voltage reference (EVR), designed for 

system-on-chip (SoC) architectures requiring high-

performance operation. The proposed design integrates the 

voltage reference directly into the error amplifier (EA), 

enabling the generation of a 0.95 V output from a 1.05 V input 

while maintaining a low temperature coefficient and robust 

loop stability. The circuit comprises a proportional-to-absolute-

temperature (PTAT) current generator, an EVR-based EA, and 

a power MOSFET. The LDO has been implemented in 65nm 

CMOS process. The simulation results demonstrate a stable 

output voltage of 0.95 V with a TC of 218 ppm/°C over a wide 

temperature range from -60°C to 120°C. A peak current 

efficiency of 99.99 % is obtained, maintaining stable operation 

and current driving capability up to 220 mA. 

 

Keywords — CMOS, low-dropout regulator, embedded-

voltage-reference. 

I. INTRODUCTION 

A bandgap reference (BGR) voltage circuit is commonly 

employed in conventional low-dropout (LDO) voltage 

regulator designs to generate a stable reference voltage VREF 

with a low temperature coefficient (TC), as illustrated in Fig. 

1. [1]-[4] However, BGR circuits suffer from limited voltage 

headroom under low-voltage operation. Moreover, 

traditional LDO regulators face challenges in achieving low 

power consumption and compact chip area due to the need 

for separate error amplifiers, resistive networks for both the 

regulator and the BGR, and the extensive use of bipolar 

junction transistors (BJTs) in the BGR. 

 To eliminate the additional voltage reference circuitry, 

LDO architectures integrating an error amplifier (EA) with 

an embedded voltage reference (EVR) have been 

demonstrated [5], [6]. These designs achieve reduced power 

consumption and compact chip area by removing the need 

for a discrete voltage reference. However, the output voltage 

of such LDOs is constrained by the condition for achieving  
 

 

Fig. 1. LDO architecture. (a) With external voltage reference. (b) 

Embedded voltage reference. 

 

zero TC, which typically fixes the output at a low voltage 

(e.g., 0.6 V). This low voltage level is unsuitable for system-

on-chip (SoC) applications that demand higher nominal 

supply voltages, such as 0.9 V or above, for high-

performance operation. 

This paper proposes an LDO regulator architecture 

featuring an EA integrated with an EVR, capable of 

providing a nominal output voltage suitable for SoC 

applications requiring supply voltages above 0.9 V. The 

proposed design incorporates an EA with EVR, a feedback 

network employing a boosting technique, a power MOSFET, 

and a beta-multiplier for start-up operation. Circuit behavior 

analysis, small-signal modeling, and simulation results 

confirm that the proposed LDO, delivering a 0.95 V output 

from a 1.05 V input, achieves a compact controller area 

without the need for a bandgap reference circuit. 

II. PROPOSED ARCHITECTURE 

Fig. 2 shows the proposed LDO architecture consisting of 

a beta-multiplier, an EA with EVR, feedback network 

including output boosting MOSFET MBOOST, and power 

MOSFET MPWR. To generate a proportional to absolute 

temperature (PTAT) current, the beta-multiplier is used. 

This current, combined with the negative temperature 

dependence of the VGS of the MOSFET MA, forms a voltage 

with a near-zero temperature coefficient through the current  
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Fig. 2. Schematic of proposed output-boosting LDO with EVR EA. 

 

feedback loop generated by the EA. In conventional 

architectures, the limited low output voltage was created to 

nsure both temperature coefficient (TC) close to zero and 

loop stability. In this work, an additional diode-connected 

MOSFET is incorporated into the feedback network to boost 

the output voltage level. This enables a stable output voltage 

level boosting without affecting the TC or the loop stability. 

 

A. PTAT Current Generator 

The gate-source voltages of the MOSFETs exhibit 

complementary-to-absolute-temperature (CTAT) behavior. 

To compensate for these CTAT voltages, a PTAT current 

must be generated and delivered to the feedback network. In 

this paper, we adopt a beta-multiplier-based generator to 

produce a proportional-to-absolute-temperature (PTAT) 

current, as illustrated in Fig. 3. The PTAT current produced 

by the beta-multiplier is given by Equation (1): 

 

𝐼𝑃𝑇𝐴𝑇 =
2

𝜇𝑛𝐶𝑜𝑥(𝑊/𝐿)𝑁

1

𝑅𝑅𝐸𝐹
2 [1 −

1

√𝐾
]

2

 (1) 

 

Here, Cox is the oxide capacitance, (W/L)N is the unit 

aspect ratio of MN1 and MN2, and K represents the current 

mirror ratio from MN2 to MN1. These parameters have no 

impact on the temperature coefficient (TC). Consequently, 

the TC of IPTAT is primarily governed by the temperature 

dependence of the NMOS mobility μn and the resistor RREF. 

According to Equation (2), the resistance of RREF varies 

linearly with temperature due to its temperature coefficient 

α. 

𝑅𝑅𝐸𝐹 = 𝑅𝑅𝐸𝐹0[1 + 𝛼(𝑇 − 𝑇0)] (2) 

 

In this equation, temperature T is expressed in units of 

Kelvin (K). By considering the temperature dependence, the 

TC of the PTAT current is approximated by Equation (3): 

 

𝑇𝐶𝐼𝑃𝑇𝐴𝑇
≈ −2𝛼 +

1.5

𝑇
 (3) 

 

In the case where a TC of polysilicon resistor α behaves 

as CTAT (α is -314.4 ppm/°C in this paper), the generated 

current IPTAT demonstrates a PTAT characteristic. This 

proposed design incorporates a CTAT-like resistor into the 

beta-multiplier structure to generate the PTAT current. The 

current mirror replicates the PTAT current to generate IN4 

which serves as the bias current for the error amplifier (EA). 

The bias current, IN4, as shown in Fig. 3, is defined by 

Equation (4): 

𝐼𝑁4 =
(𝑊/𝐿)𝑁4

(𝑊/𝐿)𝑁2

𝐼𝑃𝑇𝐴𝑇 = 𝐼𝑃𝑇𝐴𝑇  (4) 
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Fig. 3. PTAT current generator circuit. 

 

Therefore, the temperature characteristic of IN4 follows 

that of the IPTAT. This current is used to bias the error 

amplifier. 

 

B. Proposed Embedded-voltage-reference EA 

The proposed embedded-voltage-reference error amplifier 

is depicted in Fig. 4. To raise the output voltage level with 

temperature coefficient compensation and output voltage 

stability, the proposed structure adds an additional boosting 

transistor, MBOOST. The PTAT current IN4 is delivered to INA 

through the current feedback loop and current mirror in the 

proposed EA. By exploiting the CTAT characteristic of the 

MOSFET’s VGS, a temperature-compensated output voltage 

is finally achieved. The N-type current mirror MNA, MN3 and 

P-type current mirror MP3, MP4 define INA as follows: 

  

𝐼𝑁𝐴 ≈
𝐼𝑃𝑇𝐴𝑇

𝐾𝑁𝐾𝑃

 𝐾𝑁 =
(𝑊/𝐿)𝑁3

(𝑊/𝐿)𝑁𝐴

, 𝐾𝑃 =
(𝑊/𝐿)𝑃4

(𝑊/𝐿)𝑃3

 (5) 

 

where KN is an N-type current mirror ratio (MNA, MN4), and 

KP is a P-type current mirror ratio (MP3, MP4). On the other 

hand, the negative feedback with the compensation 

capacitance and resistance, CC and RZ, regulates VOUT by 

forcing iN4 and iP4 to be equal, thereby determining overall 

stability. Therefore, iN4 can be expressed as shown in 

Equation (6). 

 

𝑖𝑁4 =
𝐴𝐶

1 + 𝐴𝐶

𝑖𝑃4 ≈ 𝑖𝑃4 (6) 
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Fig. 4. Proposed embedded-voltage-reference error amplifier. 
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Fig. 5. Small signal model for stability analysis 

 

AC is the current loop gain from iN4 and iP4 and is given by 

Equation (7): 

 

𝐴𝐶 =
−𝑔𝑚𝑝,𝑃𝑊𝑅 ∙ 𝑅𝑂𝑈𝑇 ∙ 𝐾𝑁𝐾𝑃

(𝑟𝑜𝑛4||𝑟𝑜𝑝4) [𝑅𝑂𝑈𝑇 + (𝑅𝐹𝐵 +
1

𝑔𝑚.𝑁𝐴
+

1
𝑔𝑚.𝐵𝑂𝑂𝑆𝑇

) ]
 

(7) 

 

where gmp,PWR and gmn,NA are the transconductance of the 

power MOSFET MPWR and the MOSFET in feedback 

network MNA, RFB is a feedback resistor, and ROUT is an 

output load. As demonstrated in Equation (7), the effect of 

MBOOST can be negligible due to the fact that the sum of ROUT 

and RFB is much higher than 1/gm,BOOST. Therefore, the 

output voltage VOUT is determined by the sum of the VGS,NA, 

the VGS,BOOST, and the VFB, as expressed as Equation (8): 

 

𝑉𝑂𝑈𝑇 = 𝑉𝐺𝑆,𝑁𝐴 + 𝑉𝐺𝑆,𝐵𝑂𝑂𝑆𝑇 + 𝜃𝑃𝑇𝐴𝑇

1

𝜇𝑛

  (8) 

𝜃𝑃𝑇𝐴𝑇 =
1

𝐾𝑁𝐾𝑃

2

𝐶𝑜𝑥(𝑊/𝐿)𝑁

𝑅𝐹𝐵

𝑅𝑅𝐸𝐹
2 [1 −

1

√𝐾
]

2

 (9) 

 

The VGS,NA and VGS,BOOST have CTAT characteristics 

because the temperature effect of the threshold voltage is 

more dominant than that of the MOSFET's mobility, while 

the feedback resistor voltage VFB has a PTAT characteristic 

combined with the PTAT current. When generating VFB, 

which serves as VPTAT, the resistive ratio between RFB and 

RREF alleviates the effects of the non-linear characteristic in 

IPTAT. To obtain a zero temperature coefficient of the output 

voltage, we adjust the values of the ratio of resistors, the 

aspect ratio (W/L)N and the N-type current mirror ratio K of 

the PTAT generator, the current mirror ratio KNKP in the 

proposed EA. 

Moreover, the addition of the MBOOST has a negligible 

effect on the stability of the output voltage as well. Fig. 5 

illustrates the small signal model of the proposed LDO 

architecture. The gmF represents the feedback factor and can 

be expressed as Equation (10): 

 

𝑔𝑚𝐹 =
1

𝑅𝐹𝐵 + 1/𝑔𝑚,𝑁𝐴 + 1/𝑔𝑚,𝐵𝑂𝑂𝑆𝑇

 (10) 

 

The only stability impact of introducing MBOOST is the 

small reduction of transconductance from the output node 

toward the feedback network due to the large RFB. As a result, 

the first non-dominant pole POUT moves to the lower 

frequency negligibly. Additionally, the left-half-plane (LHP) 
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Fig. 6. Proposed IC layout. 
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Fig. 7. Stability of the proposed LDO according to the load current. 
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Fig. 8. Temperature plot of the PTAT voltage. 
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Fig. 9. Temperature plot of the CTAT voltage. 

 

 

zero ZC, created by the compensation capacitance CC and 

resistance RZ, is adopted to improve stability and extend 

bandwidth. 

 

 

III. RESULTS AND DISCUSSIONS 

The proposed embedded-voltage-reference LDO was 

implemented by the 65nm process (Fig. 6). The total chip 

area of the proposed LDO, including power MOSFET, is 

0.0987 mm2 for high current capability. The main controller 
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TABLE I. Performance Comparison. 

 This work [5] [6] [1] [2] 

Process [nm] 65 21 180 65 500 

Voltage reference Embedded Embedded Embedded BGR BGR 

VIN [V] 1.05 0.65 – 0.9 0.7 – 1.1 1.15 – 1.3 2.2 – 5 

VOUT [V] 0.95 0.6 0.6 1 2 – 4.85 

Max. ILOAD [mA] 220 10 30 25 300 

IQ [uA] 9 5 0.22 – 660 150 50 

Output capacitance [uF] 1 0.1 0 – 0.3 4 – 4.7 1 

Peak current efficiency [%] 99.99 99.95 97.7 99.4 99.98 

Temperature Coefficient 

[ppm/°C] 
218 30 33.1 - - 

Max current density [A/mm2] 1.97 0.67 0.4 0.69 0.77 

Total area[mm2] 0.1115 0.015 0.075 0.036 0.39 
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Fig. 10. Temperature plot of the output voltage. 

 
cell size is 0.013 mm2. A 1µF output capacitor is employed 

to mitigate a large voltage droop caused by heavy load 

currents. 

Since the proposed architecture is designed to drive a large 

load current, the dominant pole is located at the gate of 

MPWR, ensuring stable operation at high load currents. 

Meanwhile, a phase margin (PM) above 45 degrees is 

achieved for load currents greater than 4.7 mA. 

 Fig. 8 and Fig. 9 show the simulated temperature 

variations of the PTAT voltage VPTAT and the CTAT voltage 

VCTAT respectively, over a range from −60 °C to +120 °C. 

The generated PTAT voltage, generated by IPTAT and RFB,  
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Fig. 11. Simulated load transient response. 

 

exhibits the temperature coefficient of 327 ppm/°C. On the 

other hand, the generated CTAT voltage, combined with 

VGS,NA and VGS,BOOST, exhibits the temperature coefficient of 

-350 ppm/°C. Adequate TC compensation can be achieved 

by tuning the values of IPTAT and RFB, while still maintaining 

nominal output voltage level. As shown in Fig. 10, the 

temperature coefficient of the total output voltage of the 

proposed architecture shows 218 ppm/°C. 

Fig. 11 shows the simulated load transient response. The 

load current changes 20 mA to 220 mA and vice versa with 

a slew rate of 0.1us rise/fall time. The overshoot and 

undershoot voltages are 0.19 V and 0.10 V, respectively. The 

proposed design is capable of maintaining a stable output 



IDEC Journal of Integrated Circuits and Systems, VOL 11, No.4, October 2025                                                           http://www.idec.or.kr 

voltage while driving load currents up to 220 mA. The 

current density is 1.97 A/mm², which indicates a compact 

design compared to previous works. The peak current 

efficiency of the proposed work is 99.99 % due to the 

quiescent current of 9 µA. The total chip area is 0.1115 mm2. 

Table I summarizes the performance metrics of the proposed 

embedded-voltage reference LDO with a comparison to 

prior papers. 

 

 
IV. CONCLUSION  

This proposed EVR LDO comprises the PTAT generator, 

EVR EA, and power MOSFET. In proposed EVR EA, the 

boost MOSFET supports shifting output voltage level from 

low voltage to nominal voltage level without TC 

performance and output stability degradations. The proposed 

LDO can obtain the maximum current density of 1.97 

A/mm2 and the peak current efficiency of 99.99% including 

the voltage reference with a TC of 218 ppm/°C. The 

proposed EVR LDO is expected to supply high power due to 

nominal voltage level and high current driving capability. 

These advantages of the proposed EVR LDO are suitable for 

SoC architectures which demand high performance. 
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