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Abstract—NMOS low-dropout (LDO) voltage regulator ar-
chitecture with an ultra-low quiescent current is proposed for
integration in radio-frequency (RF) energy harvesting sensors.
The transient enhanced inverter (TEI) is added to conventional
architecture to improve the load transient response. TEI reduces
the output voltage undershoot/overshoot by 60.73 % and settling
time by 63.88 % compared to the conventional LDO architecture.
The start-up assistant RC (SARC) improves the settling time by
340 us for the step input voltage to LDO. The NMOS LDO
regulator with 15 nA quiescent current is simulated in the
180 nm CMOS technology. The line and load regulations are
respectively 0.012 mV/V and 60 mV/mA with 1 pF load capacitor
and maximum 1 pA load current. The PSRR is -60 dB at the
low frequencies and -7.7 dB at 1 MHz.

Index Terms—NMOS LDO, backscattering system, ultra-low
quiescent current, transient enhanced inverter, start-up assistant
RC, small load current.

I. INTRODUCTION

RF powered backscattering sensors that harvest energy
from ambient wireless signals emitted by the communication
infrastructure such as TV towers and WiFi access points, can
have tremendous impact on a wide deployment of Internet
of Things (IoTs) [1]. Critical to this goal is design of high-
performance LDOs that provide a stable supply voltage when
the harvested power is weak and intermittent. There are two
types of linear voltage regulators depending on the chosen
type of the pass transistor, NMOS and PMOS regulators.
NMOS LDO, using the N-type pass transistor, has many ad-
vantages in order to accommodate full on-chip design. Firstly,
this topology pushes the output pole of the LDO to higher
frequencies avoiding the need for a complex compensation [2].
Thus, the dominate pole of the LDO can be placed at the
output of the error amplifier rather than the output of the LDO,
which in PMOS regulators results in a need for a large external
capacitor. Second, the source follower structure is not able to
amplify the ripple at the gate, leading to a better PSRR [3].
Moreover, the NMOS LDO is more area efficient than PMOS
LDO due to higher mobility of electrons [4], and the line
and load regulation are improved [5]. However, the power
efficiency of NMOS LDO is lower than PMOS LDO due to
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Fig. 1. Schematics of the proposed NMOS LDO with improved load
regulation and start-up time.

the high output voltage required at the output error amplifier.
In RF energy harvesting systems, a higher supply voltage for
the error amplifier can be supplied with additional stage of
voltage multiplier, without the need for a more complex DC-
DC converter [6].

A low quiescent current PMOS LDO with Ig of 3.08 nA
was introduced in [7]. However, the load transient response
is poor, with high levels of the output voltage overshoot and
undershoot. A sub-nA fully on-chip NMOS LDO is reported
in [8]. It achieves a 970 pA quiescent current with a 13.6 ms
settling time, which presents an issue in RF backscatter-based
sensors. A detailed analysis of this type of NMOS LDO is
presented in [6]. In this work, we propose a fully on-chip
NMOS LDO with the TEI and the SARC to simultaneously
match the requirements of the backscattering RF sensor with
the low Ig, improved settling time and fast start-up.

In Section II, the fully integrated NMOS LDO regulator,
with the transient enhanced inverter and the start-up assistant
RC, is presented. Simulation results and analysis are shown
in Section III, with the conclusions outlined in Section IV.

II. PROPOSED NMOS LDO IMPLEMENTATIONS

The proposed implementation of LDO with NMOS pass
transistor is shown in Fig. 1, with the transient enhanced



inverter and the start-up assistant added to the conventional
architecture with two supply voltages [6]. The TEI as a
negative feedback circuit is connected between the output of
LDO and output of EA to improve the load transient response.
It comprises an inverter for phase change and two coupling
capacitors C7 and Cs. A series connected capacitor C'z and
resistor Rz, placed between the output of EA and Vppy,
improve the start-up of the LDO.

The corresponding transistor level regulator design is de-
picted in Fig. 2. The voltage difference between Vpppy and
Vbppr is nominally 200 mV to secure a high gain of the
EA, which is critical for the high loop gain in NMOS pass
transitor based LDO. The size of NMOS pass transistor is
W/L = 512pm/500nm and the transistor is operating in the
weak inversion region under the maximum 1 pA load current
I;,. The folded cascode structure is used for the error amplifier
design. All transistors operate in the weak inversion region due
to the low quiescent current. The very large output resistance
offers a high DC gain that can be obtained from only one
stage, avoiding complex compensation. The dominant pole of
the system is at the EA output rather than the LDO output,
which enables a fully on-chip design of the regulator. The tail
current from M, is set at 2 nA, with M3 and M, having the
same drain current as M.

Based on the small signal model in Fig. 3, poles and zeros
of the LDO open-loop are estimated. The output resistance
of the EA R, 4, the bandwidth capacitor C'gyy, and the Rz
and Cz of the SARC jointly contribute to the dominate pole,
the second pole and a zero as follows [9]
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The pass NMOS transistor and the load capacitor C';, con-
tribute to a pole and a zero as
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where ¢, and Cyy, are the transconductance and gate-source
capacitance of the pass NMOS, I}, is the load current of LDO,
Ur is the thermal voltage, n is a factor related to source-to-
substrate voltage [10]. Since the load resistor Ry, is usually
very large, it can be ignored in the equation.

The TEI generates 2 poles and 2 zeros
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and g1, Ry, Cy4s and Cyy are the transconductance, output
resistance, gate-source capacitance and gate-drain capacitance
of M3y (or M3ss). R is the total resistance at the drain of Mg,
(or Mss), which equals ﬁ”roﬂ%, where g, and r, are
related transconductance and output resistance.

A. Transient Enhanced Inverter

Different feedback structures have been proposed for
analog-assisted digital LDOs to attain faster transient re-
sponse [11]. In the proposed TEI, capacitors C1(=2C1,=2C1p)
and C'y sense and feedback the signal change from the load
and cut off the path of the DC signal. For an NMOS regulator,
an inverter comprising Mso and M3 has to be added for phase
change. The inverter is biased by transistors Ms; and Mss,
and a resistor Rp. A 133 MQ) Ry is used to generate a 5 nA
biasing current.

B. Start-up Assistant RC

This SARC structure comprises serially connected Rz and
Cz as a high pass filter. When the regulator input voltage is
applied at a start-up, the SARC provides a path from Vppgy
to the gate of pass NMOS transistor. In the design, Rz was
realized by a diode connected PMOS. The value of Cz can
be properly chosen to cancel pole and zero based on (1).

III. SIMULATION RESULTS

The proposed NMOS LDO voltage regulator is designed
in 180 nm CMOS technology and simulated in Cadence
simulation environment. The output voltage of the regulator,
Vout, 18 set at 0.8 V and the regulator is designed to operate
with the input voltage Vppr of 1V, thus the nominal dropout
voltage is 200 mV. The simulated quiescent current Iy is
15 nA. We first show the dependence of the output voltage on
the input voltage of the regulator in Fig. 4, with the dropout
voltage as low as 16 mV. For all values of the input voltage,
the voltage Vppp is 200 mV higher than Vppr.

Fig. 5 compares the output voltages between the conven-
tional and the proposed LDO with different Rz and C'z
configurations when starting V,.r, Vppg and Vppr with
10 ns rise time. With the addition of SARC, the proposed
LDO improves response when voltages start up, since Vppp
directly charges the gate of the pass NMOS during the
transition. After the supply voltages settle, the gate voltage of
the pass NMOS initially drops due to the charge loss before
increasing again with reduced settling time.

The open-loop magnitude and phase are shown in Fig. 6
for different values of the capacitors C; and C in the TEL
The C; was chosen as 500 fF, 1 pF and 10 pF, with the value
of Cs fixed at 1pF, and vice versa. From (3), poles at wp4 and
wps become lower with the increase of the capacitance. The
phase margins for the two cases are denoted in Fig. 6. With the
increments of C7, LDO response changes from overdamping
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Fig. 3. Small signal model of implemented voltage regulator.
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Fig. 5. Output voltages of the conventional and proposed LDO with different
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Fig. 6. Open-loop magnitude and phase when sweeping (a) C1 and (b) Cs.
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Fig. 7. Line transient response of conventional and proposed LDO.

to underdamping. Moreover, the pole w5 decreases, resulting
in reduced open-loop bandwidth, as shown in Fig. 6(b). When
C5 equals 1 pF, the open-loop gain between 1 Hz and 100 Hz
is 8 dB lower than that of the conventional LDO; when C5
equals 500 fF, it is approximately 5 dB lower than that of the
conventional LDO.

Fig. 7 shows that the line regulation of the LDO for the
200 mV the input voltage step is 0.012 mV/V. The overshoot
and undershoot in the output voltage have close values in
different settings. However, settling times are lowered to
52.37 % and 62.77 % of those of the conventional LDO when



TABLE I
PERFORMANCE COMPARISON

[12] [13] [8] [14] [7] [6] [15] This Work
Year 2018 2019 2020 2020 2021 2021 2022 2022
CMOS Technology(nm) 65 65 65 180 180 180 500 180
LDO Type Analog Digital Analog Analog Analog Analog Hybrid Analog
Vin(V) 1 0.5-1 1.5 1.8 1.8 1.4 3-6 1
Vour (V) 0.8 0.4-0.95 0.5 1.1 12 12 2.3-33 0.8
Dropout Voltage(mV) 200 50 300 50* 40" 200 300 200
AVt QAT 5qq4(mV) 487.5 76.5 151 812.5 785 313 75 201
Ir,(mA) 10 0.27 0.5 3.86 11 0.01 50 0.001
Ig(nA) 30 0.745 0.97 1.88 3.08 6.5 10 15
Load Capacitor(pF) 10 1x10° NA NA 10 1 220 1
Line Regulation(mV/V) NA NA 20 1.7 0.71 0.003 NA 0.012
Load Regulation(mV/mA) 1.22 NA 1.1 40.2 8.62 8 12 60
Settling Time(j4s) 0.25 48 1.36x10* 9.8x10? 147 189.86 0.06 442
PSRR(dB) -24@1MHz NA NA -7@10KHz  -52@10KHz  -22@1MHz NA -7.7@1MHz
NA: Not Applicable; *: Not given directly but accessed or calculated from contents or figures.
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Fig. 8. Load transient response of conventional and proposed LDO.

Vppr changes from 0.9 V to 1.1 V and then to 0.9 V with
C1 = Cy = 500 fF; settling times are 64.34 % and 75.54 %
when Vppyr keeps the same change but C; = Cy = 1 pE.
Fig. 8 shows the output voltage when the I, with 50 ns rise
and fall times, is changed between 10 nA and 1 pA. The load
regulation is 60 mV/mA. Under the condition of C; = Cy =
1 pF, phase margin is relatively smaller but does not result in
underdamping oscillation; and the lower bandwidth relieves
the effect from the post-transition overshoot and undershoot.
Settling times of 0.375 % precision are 63.88 % (442 ps) and
85.26 % (584 us) of those of the conventional LDO when I,
changes from 1 pA to 10 nA and then to 1 pA, respectively;
overshoot and undershoot are reduced to 60.73 % (117.37 mV)
and 65.49 % (201.57 mV).

Fig. 9 demonstrates that the proposed LDO improves the
PSRR from -3.7 dB to -7 dB at 1 kHz since the ripple
from Vppp is directly applied on gate of the pass NMOS
through the SARC rather than amplified by the cascade PMOS
transistors in EA. From the PSRR transfer function in [6], the
Cpw and Cp have a major influence on the PSRR above
LDO bandwidth frequency. A larger Cpgy flattens PSRR
earlier at low frequencies rather than continuing to rise. Once

Frequency(Hz)

Fig. 9. PSRR comparisons of conventional and proposed LDO for different
C BW and C L-

Cpw was increased to 10 pF, the PSRR at 1 kHz becomes
-21.2 dB. In addition, a larger C';, moves the second zero
higher and the second pole lower in related functions, which
leads to a magnitude drop of the PSRR at high frequencies.
Correspondingly, the PSRR is pulled down to -17.9 dB from
-7.7 dB at 1 MHz when replacing 1 pF C, by a 10 pF one.

The comparison with the state-of-the-art designs is shown
in Table I. The LDO in this work has an equivalent 1 pF
load capacitor. With the 1 pA maximum load current and
15 nA low quiescent current, the proposed LDO is a good
candidate for integration in the power management block of
the RF energy harvesting sensor.

IV. CONCLUSION

A fully integrated 15 nA ultra-low I NMOS LDO with
transient enhanced inverter and start-up assistant RC for RF
energy harvesting devices is analyzed and designed. The
design will be integrated in the RF backscattering tag in
order to provide the voltage supply for powering of the ultra-
low power low-resolution successive-approximation analog-
to-digital converter.
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