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Abstract—The low-dropout regulator (LDO) and the latch-
ing current limiter (LCL) are two important constituent compo-
nents of the power management system in satellites, including for
the impending 6G satellite communications. In this article, we
present a fast-transient radiation-tolerant LDO-cum-LCL realized
in CMOS (vis-à-vis III/V or BiCMOS exotic processes). The LCL
therein detects load current anomalies, thereby protecting the load
against current anomalies (when the load suffers from single-
event-latch-up, a radiation effect). The fast-transient response is
realized by our proposed triple-feedforward-path technique that
is efficacious over wide range of load currents (up to 3A) and
off-chip capacitors (100 to 880 µF). The LDO-cum-LCL is mono-
lithically realized in a 130 nm CMOS process. The dropout voltage
is 210 mV at the full load, and the overshoot and undershoot are
14.2 and 11.8 mV, respectively, at fast 3A load transitions. The
load regulation is 0.15 mV/A while the power supply rejection is
−52.3 dB@100 kHz. These parameters of the LDO-cum-LCL are
very competitive when benchmarked against reported LDOs, albeit
the reported LDOs not featuring radiation tolerance.

Index Terms—Fast transient, feedforward compensation,
latching current limiter (LCL), load current anomalies protection,
loop stability, low-dropout regulator (LDO), radiation-tolerance.

I. INTRODUCTION

W ITH the integration of satellite communications with ter-
restrial communication networks in the impending next-

generation 6G communications [1], advanced commercially-
off-the-shelf CMOS-based ICs [e.g., field programmable gate
arrays (FPGAs) and system-on-chips (SoCs)] are increasingly
applied in satellites. This is congruous with the evolution from
“Traditional Space” to the present “New Space” [2].

Generally, state-of-the-art FPGAs and SoCs demand increas-
ingly “more robust” power supplies. For example, the Xilinx
radiation-tolerant Kintex UltraScale FPGA specify the tolerance
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of 2% for its integrated high-speed serial transceiver’s supply
voltage [3]. Furthermore, with the trend of the multiprocessor
integration [4], [5], the ensuing high load current (large load
current variations of >1A) and complex in-situ functionalities
present challenges to the power management circuit. In the case
of an application in satellites, the power management circuit
would need to be at least tolerant to radiation effects, i.e.,
featuring radiation-tolerance, particularly against microsingle-
event-latch-ups (μ-SELs) and SELs [6], [7].

The power management circuit includes the switching regu-
lator and linear regulator, e.g., the low-dropout regulator (LDO).
Although (buck) switching regulators are generally more power
efficient particularly when the ratio of VIN/VOUT is large, they
require large inductors resulting in a large form factor and
heavy weight, both of which may not be acceptable. They
also suffer from significant output ripples that would degrade
the performance of ripple-sensitive analog and RF blocks in
FPGAs or SoCs [4], [8], [9]. In contrast, the LDO could
provide a “clean” power supply without ripples and respond
quickly to load changes. Meanwhile, due to the relatively
simple structure of the LDO, the corresponding smaller die
area reduces the probability of being affected by radiation
effects [10].

To provide a “clean” power supply to accommodate large load
current variations, an LDO with a large off-chip capacitor is more
appropriate than its capless counterpart. This is because an off-
chip capacitor can sink or source sudden transient currents [5],
[11], [12]. Furthermore, a large capacitor would also enhance
radiation tolerance [12], [13]. Nevertheless, given that our target
FPGAs or SoCs feature high load current (>1A), the necessary
extremely large off-chip capacitors (up to 220 μF) would pose
stability challenges, especially over wide load current range,
e.g., 3A in this design. Meanwhile, the typically limited unity
gain bandwidth (UGB) would negatively affect its power supply
rejection.

A plethora of LDOs with off-chip capacitors that feature
fast-transient response has been reported. For example, a re-
ported design [8] implemented multiple dynamic feedback loops
while another [14] introduced a left-half-plane zero through the
feedforward path to accelerate the transient response. However,
the load currents in these designs are small – only 100s of mil-
liamperes which is insufficient for many advanced contemporary
FPGAs and SoCs. Although several reported LDOs [4], [5] can
supply load current exceeding 1A, their overshoot/undershoot
for large load current variations (e.g., 3A) do not meet the 2%
overshoot/undershoot specifications of contemporary FPGAs
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and SoCs. Furthermore, all these reported LDOs do not feature
radiation tolerance.

Put simply, there is a need for an LDO (with a large off-chip
capacitor) that is both radiation tolerant and accommodates the
fast-transient stringent requirements of contemporary FPGAs
and SoCs.

In addition, the LDO needs to be radiation tolerant, partic-
ularly against μ-SELs and SELs occurring in the load [7]. An
SEL is an event where when an ionizing particle strikes a semi-
conductor, the semiconductor draws an abnormally high current,
often rendering the semiconductor device nonfunctional, and in
some cases, the ensuing damage is permanent. The μ-SEL, on
the other hand, is a more localized version of the SEL and the
abnormal current is typically lower. μ-SELs and SELs typically
compromise the operating lifetime of the semiconductor.

The commonly adopted protection circuit against the current
anomalies in the load connected to the LDO is the latching
current limiter (LCL). The modus operandi of the LCL is to
simply clamp the load current to a “safe” value when anomalies
are sensed [15], [16]. In addition to the usual modus operandi
of the LCL, the European standards [17] recommends that a
trip-off timer that counts the anomaly time and a restart trigger
that resets the complete system be augmented as part of the
protection mechanism. To date, this recommendation is yet to
be realized in any radiation-tolerant LCL.

In this article, we propose a full-CMOS fast-transient
radiation-tolerant LDO-cum-LCL designed for contemporary
FPGAs and SoCs and embodying the European standards –
this integration of the LDO and LCL is beneficial to protect
load circuits in space electronic payloads from radiation effects,
yet with small IC area and potentially lower cost due to the
integration. Its fast-transient response is realized with an off-chip
220μF tantalum polymer capacitor and from the implementation
of our proposed triple-feedforward-path (TFF) technique. This
proposed technique is effective over the entire load current
range, i.e., from 0 to 3A, hence applicable to the impending
6G communications. The protection against loading radiation
effects is obtained by a module-level radiation-hardened-by-
design (RHBD) technique [18].

The proposed LDO-cum-LCL is monolithically realized in
a commercial 130 nm CMOS process. To realize radiation-
tolerance, particularly to ensure self-robustness against μ-SELs
and SELs, the LDO is designed with wide guard rings and
with deep N-wells. The minimum output is 0.8 V, designed
for the internal supply voltage of an FPGA, and the dropout
voltage is 210 mV. When 3A load variation occurs with 400 ns
rising/falling times, the overshoot and undershoot are 14.2 mV
and 11.8 mV, respectively, thereby satisfying the stringent 2%
requirement of contemporary FPGAs and SoCs. The load reg-
ulation is 0.15 mV/A, the power supply rejection at 100 kHz
is −52.3 dB while the maximum current efficiency is 99.5%.
When the load current anomalies are emulated at the load, the
LCL functionality of the LDO-cum-LCL is effective to protect
the load from in-rush current damage, and it can reset the load
system when the anomaly is recognized as a permanent error.
The LCL also embodies European standards.

The rest of this article is organized as follows. Sec-
tions II and III elaborate the design details of our proposed

Fig. 1. Block diagram of the proposed fast-transient LDO-cum-LCL with load
current anomalies protection.

LDO-cum-LCL. The measurement results are presented in
Section IV to demonstrate the merits of our design and are
benchmarked against reported designs. Of particular note, our
design is not only highly competitive but also radiation-tolerant
while the reported designs are not. Finally, Section V draws the
conclusion.

II. SYSTEM OVERVIEW

The block diagram of the proposed fast-transient LDO-cum-
LCL is illustrated in Fig. 1. The power PMOS transistor is con-
trolled by the linear regulation block where our proposed TFF
technique is employed to enhance the transient response. The
proposed protection mechanism by the embodied LCL protects
the load from the current anomalies by continuously monitoring
the load current. It consists of a current anomalies sensing and
control block and a constant current regulation block.

As the power PMOS is realized by the 20 V laterally diffused
MOSFET (LDMOS), it can accommodate the various power
and voltage requirements in the satellite, e.g., VIN >12 V. The
minimum VIN is 2.4 V, which is determined by the constant-
transconductance biasing circuit in the system, to ensure the
correct working condition of inner functional blocks. The output
voltage (VOUT) is normally 0.8 V to power the internal proces-
sors in the FPGA while the reference voltage (VREF) generated
by the on-chip voltage reference is 0.6 V [19]. The LDO can
operate in the low dropout region with the dropout voltage of
210 mV at a load current of 3A.

III. CIRCUIT DESIGN AND ANALYSIS

A. Linear Regulation Block With TFF Technique

Fig. 2 depicts the schematic of our proposed LDO regulated
by the linear regulation block. For convenience of analysis, the
power PMOS (MPP), and the fundamental off-chip components,
including the resistive feedback divider (RF1 and RF2), load-
ing capacitor (CL) and the satellite load, are included where
a complete feedback loop is constructed. The high precision
off-chip resistors, RF1 and RF2, not only provide flexibility
for defining VOUT during testing, but also slightly reduce on-
chip heat dissipation. A simple linear voltage regulator (grey
shaded box in the middle of the top of Fig. 2) is adopted to
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Fig. 2. Schematic of the proposed fast-transient LDO-cum-LCL regulated by the linear regulation block.

power the core control circuit with a constant supply voltage,
i.e., VDD, from VIN. This is beneficial to enhance the power
supply rejection (PSR) of our proposed LDO and to reduce the
risk of damage to VDD from the potential high voltage spike
at VIN.

The proposed TFF technique is applied to the core control
circuit (the linear regulation block) where MP6, MN4, and MN5
serve as three high-gain transconductors. The transconductors
provide three feedforward paths, denoted as FF_1 to FF_3
in Fig. 2. When an output variation happens due to the load
changes or the current anomalies due to radiation, these paths
will respond to generate substantial transient current to charge or
discharge the input of the level shifter (VLSI). Amongst the three
feedforward paths, the FF_1 and FF_2 traverse an ac-coupling
capacitor, CF. Hence, only the high-frequency gain will be
augmented that is beneficial for the UGB extension without
sacrificing the loop stability [20]. A high-gain wideband buffer
is inserted into the FF_3 to further extend the UGB by the
augmentation of an additional left-half-plane zero.

With respect to large signal performance, the proposed TFF
technique enhances the slew rate at VLSI due to the double push-
and-pull structure (MP6, MN4, MP7, and MN5).

In short, both the wide UGB and high slew rate are two
dominant factors that facilitate the fast-transient response and
small-scale variations at the LDO output [8], [21], [22].

MP2 and MP8 serve as the switches that work in cooperation
with the protection mechanism and are responsible for the power
PMOS control switching – see Section III-B. In default, the LDO
is under the linear regulation with MP2 and MP8 ON and OFF,
respectively.

1) Wideband Level Shifter With Beta Helper Implementation:
To bridge the core control circuit and the MPP from two distinc-
tive power domains, we design a level shifter constructed by 20 V
LDMOS in Fig. 2. For current mirrors, the aspect ratio (W/L)
of MN7 is 3× of MN6 while the W/L of MP10 is 2× of MP12.
For high power efficiency, the size proportion between MPP and
MP12 (KP) is defined to be 640, so the power efficiency is 99.5%

at the full load condition; this is comparable to prevalent LDOs
[5], [12], [13], [23].

One major issue of this level shifter is the potential instability
caused by the low-frequency pole at VLSO that originates from
MPP’s large parasitic capacitance. To mitigate this, we construct
a beta helper structure into the level shifter. This configuration of
the beta helper [24] was initially utilized to reduce the systematic
error in the bipolar transistor circuits but can also be effective
to extend the bandwidth in CMOS circuits [25]. In Fig. 2,
negative feedback is established by MP10 to MP12 and RP . We
ascertained that the ensuing small-signal current gain (Ai(s))
from the drain current of MP12 (ID12) to that of MPP (IDPP) is

Ai(s)

≈ KP (gm11ro12gm12R)
s2CP11CP12ro12R+sCP11ro12(1+gm11R)+gm11ro12gm12R

(1)

where gmi, roi, and CPi are the transconductance, the drain
resistance, and the lumped gate parasitic capacitance of MPi,
respectively, and R = RP /(1+gm10RP ).

It can be inferred that the low frequency pole is improved by a
gain that is equal to

√
gm11CP12/gm12CP11. In order to ensure

adequate gain, gm11/gm12 must be high enough under all load
current circumstances. When the load current is high, MP11
and MP12 operate in the saturation region, and gm11/gm12

is proportional to
√

KD(W/L)11/(W/L)12 where KD is the
current ratio between MP10 and MP12 and is equal to 2. Since
(W/L)11/(W/L)12 is designed to be 16, gm11/gm12 is equal to
∼5.7. However, when the load current descends below 20 mA,
MP11 and MP12 will enter the subthreshold region and the
ensuing gm11/gm12 will degrade to KD which is impertinent
of the size ratio. Hence, to ascertain a minimum biasing current
to MP11, we add RP in parallel with MP10. This ensures a
sufficiently high gm11 at the no load condition. Note that RP

can be ignored when the LDO drives heavy load. This is because
of the somewhat high gm10. Furthermore, RP provides the
flexibility to ascertain the damping factor in (1) to circumvent
complex poles.



ZHENG et al.: FAST-TRANSIENT RADIATION-TOLERANT LDO-CUM-LATCHING CURRENT LIMITER 4453

Fig. 3. Small-signal model of the proposed LDO-cum-LCL regulated by the linear regulation block.

From simulations, with the beta helper, we ascertain that the
3-dB bandwidth of the level shifter is advantageously extended
from 5.1 to 67.9 MHz at full load condition while from 10.1
to 406.0 kHz at no load condition. The respective bandwidth
improvements are 22.5 and 32.1 dB. The added ∼10 dB gain
at the no load condition is largely attributed to the deployment
of RP . This added gain is advantageous because degradation of
the bandwidth under this condition would seriously jeopardize
the stability of the overall LDO.

2) Stability Analysis: We depict in Fig. 3, the equivalent
small-signal model of the proposed LDO which is regulated by
the linear regulation block. The broken node is at the feedback
path from the resistive divider (the feedback factor is β) which
is marked as a red-cross in the bottom of Fig. 2.

Since the bandwidth of the level shifter is effectively widened
by the proposed beta helper, it is modeled as a simple unity-gain
buffer that drives the power PMOS directly. In Fig. 3, gm1, gm2,
and gmP represent the transconductances of two gain stages
and power PMOS in the main loop, respectively. gmf1 to gmf3
represent the transconductances of three feedforward paths. G1

is a high-gain wideband buffer in the FF_3 to further enhance
the transient performance of the LDO. Ri and Ci represent the
equivalent resistance and lumped capacitance at the node of Ni

annotated in both Figs. 2 and 3, respectively. CF and CM are the
ac-coupling capacitor and Miller capacitor, respectively. RESR

and RL emulate the equivalent series resistance of the practical
tantalum polymer capacitor, CL, and the satellite load.

The detailed schematic of G1 is depicted in Fig. 4. Two
identical channel-length-insensitive small-gain structures [14],
[26] are implemented therein to provide high gain without intro-
ducing low-frequency poles below the UGB. MP17 and MP18
biased by VREFS (same to VREF from the soft start circuit)
guarantee the same dc level of VI and VO. Hence, G1 = k2

where k is the biasing current ratio and designed to be 3 in
order to avoid complex poles [26]. From simulations, the 3-dB
bandwidth is ascertained to be 75.5 MHz, with G1 equal to
18.8 dB. This means that its application will not complicate the
loop stability analysis.

Fig. 4. Schematic of the wideband buffer in the feedforward path FF_3.

In the small-signal model in Fig. 3, we note the following.
a) Capacitance relationship:CL � CM >CF >C2 � C1.
b) Resistance relationship: R1 = R2 = 3R3.
c) Transconductance relationship: gm2 ≈ gmf3, gmf1 ≈

gmf2.
d) The dc gain of each stage is �1.
With the aforesaid, we derive the overall loop transfer function

expressed in (2) with the dc loop gain of Adc.

T (s) =
βVOUT

VFB

= −Adc (1 + sCLRESR)
(
1 + a1s+ a2s

2 + a3s
3
)

(1 + b1s+ b2s2 + b3s3 + b4s4)
(2)

where

Adc = (gm1R1gm2 +G1gmf3)R2gmPRLβ (3)

a1 = CF (gm2 + gmf1)R3/gm2 (4)

a2 = CMCF (G1gmf3 + gmf2)R3/gm1gm2 (5)
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TABLE I
POLES AND ZEROS LOCATIONS OF THE LDO IN HEAVY AND LIGHT LOADS

Fig. 5. T(s) frequency response of the proposed LDO when driving (a) heavy
load and (b) light load.

a3 = − CMCFC2R3/gm2gmP (6)

b1 = CMR1gm2R2gmPRL + CLRL (7)

b2 = CLRESRCMR1gm2R2gmPRL

+ CMR1CFR2(gm2 + gmf1)R3gmPRL

+ CLRL(CFR2 + CFR3 + CMR1) (8)

b3 = CLRESRCMR1CFR2(gm2 + gmf1)R3gmPRL

+ CLRLCMR1(CFR2 + CFR3) (9)

b4 = CLRLCMR1C2R2CFR3. (10)

It can be observed that many polynomial coefficients are
dependent on gmP and/or RL. As our proposed LDO features
wide loading range up to 3A, gmP and RL will significantly
vary from the light load to the heavy load on the premise of the
constant VOUT, e.g., 0.8 V. To this end, we will classify and
discuss the light load and heavy load scenarios in turn in the
following analyses. The load current demarcation between the
heavy and light loads is 10 mA at which the LDO has the lowest
phase margin – see Fig. 7.

Consider first when the LDO drives the heavy load. gmP

is large while RL is conversely somewhat small. The corre-
sponding poles and zeros locations are summarized in the left
column in Table I, and the pertinent frequency response of T(s) is
depicted in Fig. 5(a). p3dB is the dominant pole while pni and zi
represent the ith nondominant pole and zero, respectively. Given
that CLRESRgm2/AH is significantly larger than CF where
AH = (gm2 + gmf1)R3 that is defined as the high frequency

Fig. 6. Simulated T(s) frequency responses (gain and phase) with the load
current from 0 to 3A at the typical process and temperature corner.

gain contributed by the TFF technique, the two pairs of pole and
zero, pn1 & z1 and pn2 & z2, to a first order cancel.

FF_2 and FF_3 introduce z3 to the overall loop that is located
at γ(gm1/CM ) where γ = (gm2+gmf1)/(G1gmf3+gmf2).
With the choice of a moderate G1gmf3, γ will be smaller than
β, which leads to z3 being located before the original UGB,
i.e., β(gm1/CM ). Hence, the ensuing UGB is substantially
extended, which is beneficial for the fast-transient response.
SinceG1gmf3 also improvesAdc of the loop as expressed in (3),
the dc performance is also enhanced. However, an Adc that is
excessively high may degrade the loop stability, a proper value of
gmf2 is necessary to balance this trade-off. After comprehensive
simulations, we judiciously select gmf2 to be 3× of gmf3, and
the resultant γ is 0.32 whileAdc is enhanced by∼3dB. Although
z4 is a right-half-plane zero, it can be ignored in the stability
analysis due to the very large gmP and G1. For example, under
the 100mA load condition with simulated dc parameters and
extracted parasitics, z4 is calculated to be 746GHz. z4 is hence
far beyond the final LDO’s UGB – see Fig. 6.

Consider now when the LDO drives the light load or no load.
gmP decreases by two orders of magnitude while RL increases
significantly. The dominant term in expressions (7)–(9) is now
the most right term. The poles under the light load condition are
summarized in the right column of Table I. The zeros’ positions
remain relatively the same.

The Miller multiplication now becomes less effective due to
the somewhat small gmP and the LDO is converted to a simple
single-pole system where p3dB depends on CL. To maintain an
adequate phase margin for stability, it is desirable that pn1 and
pn2 are canceled by z1 and z2, respectively. pn2 ≈ z2 when
CM = nCF and n �1. In this design, with n setting to 8, we
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Fig. 7. Simulated phase margins for different load currents at different corners.

derive the CF as expressed in (11) by equalizing the expressions
of pn1 and z1.

CF =
RESRCL

(4 + 3n)R3
. (11)

From simulations, we finally set CF and CM to 6.3pF and
50pF, respectively. The consequential frequency response T(s)
is depicted in Fig. 5(b). As p3dB is very close to the origin under
the light load condition, the rest of the poles and zeros are far
away from the UGB, hence they have negligible influence on
the system stability.

It can be inferred that the stability under the heavy load con-
dition is largely independent of CL while the stability under the
light load condition sets a lower limit to selection of CL. Hence,
our proposed LDO can accommodate various large value com-
mercial capacitors – this is beneficial for its radiation-tolerance
and accommodating current anomalies. From simulations, we
ascertained that our proposed LDO operates stably when loaded
with CL from 100 to 880 μF.

The postlayout simulated frequency response of the loop
transfer function at the typical process and temperature corner,
i.e., the typical transistors (TY), typical metal-oxide-metal ca-
pacitors (C_TY), and room temperature (27 °C), with CL =
220μF, is depicted in Fig. 6. Different load current conditions are
considered, ranging from no load to the full load (3A). From the
plots, the UGB at 3A load is up to 16.3 MHz while the associated
dc loop gain is high (92.1 dB). The corresponding phase margins
at different loads are plotted in Fig. 7. All conditions can be
guaranteed to be stable, where in the worst case (10 mA), the
phase margin is 49.44°.

The stability of our proposed LDO has also been verified by
simulations across different process, voltage, and temperature
corners (−40 °C to 125 °C). Among them, the worst-stability
corner is (SS, C_FF) at −40 °C where SS represents the slowest
electrical performance of transistors, e.g., the slowest carrier
mobility, and C_FF represents the smallest capacitance due to
process variations. The phase margins at different loads at this
corner are also plotted in Fig. 7 for comparison. Specifically, the
phase margin at 10 mA is 34.35° and our proposed LDO remains
stable.

B. Current Anomalies Protection Mechanism

Consider now the LCL of the proposed LDO-cum-LCL. In
terms of the current anomaly definition, we are addressing the

SEL problem. An SEL [27] is defined as “a condition which
causes loss of device functionality due to a single event induced
high current state. An SEL may or may not cause permanent
device damage, but requires power strobing of the device to
resume normal device operations.” Specifically, when an SEL
occurs, the operating current of the affected IC exceeds 4×−5×
of its maximum operating current [28]. As delineated earlier, the
modus operandi of the LCL to simply clamp the load current to a
“safe” value when anomalies are sensed [15], [16]. Also, as de-
lineated earlier, we will also realize the European standards [17].

Our proposed LCL comprises two blocks – the current anoma-
lies sensing and control block and the constant current regulation
block (“Block_1” and “Block_2,” respectively).

1) Current Anomalies Sensing and Control Block: Fig. 8(a)
depicts the simplified schematic of the Block_1, and it can be
divided to two sub-blocks: the anomalies sensing circuit and
anomalies control logic. In the former sub-block, the load current
flowing through the power transistor MPP is sensed by MP1
with a large current ratio KS of 25600. A self-biased structure,
comprising MP2, MP3, MN2, and MN3, is employed to mitigate
the channel length modulation effect between MPP and MP1 and
improves the sensing accuracy [5], [29]. This structure features
high speed but with a small die area cost. The sensed load current
is mirrored to both the Block_2 and the anomalies control logic
by MN1 and MN4, respectively.

The latter sub-block is constructed by two memory latches (L1
and L2), two timer blocks (T1 and T2), two unilateral hysteresis
comparators (CMP1 and CMP2), two unilateral delay inverters
(D1 and D2) and other logics. Its modus operandi is summarized
in the flow chart in Fig. 9. We will now delineate the steps using
sophisticated timing diagrams in Fig. 10 based on the schematic
in Fig. 8(a). Specifically, the responses to two load anomaly
conditions of interest, namely the recoverable and permanent
anomalies will be described in detail.

When the LDO is first powered by VIN with the global
switches disabled (VEN = 0 and VSFS = 0), the LDO is in the
OFF state. Hence, L1 and L2 along with timer blocks are reset,
and ready for the load protection from load current anomalies.
When VEN is switched to “1,” the LDO enters the startup state.
The soft start circuit is activated and VSFS is switched to “1”
after the completion of the startup state (the soft start process).
Then, the LDO enters the linear regulation delineated earlier. To
avoid the false triggering of the protection mechanism in the
Block_1 due to the undefined state transition, D1 is applied after
VSFS. The schematic of D1 (and D2) is depicted in Fig. 8(b). It
can be observed that they feature the unilateral delay at the rising
edge of the input, and the delay time constant is defined by a
preset current source (MP6) and a small size on-chip capacitor
(CD). The delay time is designed to be tens of microseconds
which is longer than the stabilization time required for the
state transition. After Delay_A introduced by D1 as depicted
in Fig. 10, switch MP4 is open and the Block_1 begins to
continuously sense the anomalies through the sensing resistor,
RS . The corresponding converted voltage (VSEN) is

VSEN = VDD − ILRS

KS
(12)



4456 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

Fig. 8. Simplified schematics of the proposed LCL including (a) proposed current anomalies sensing and control block (Block_1), (b) proposed unilateral delay
inverter, (c) proposed constant current regulation block (Block_2), and (d) proposed peak removal block.

Fig. 9. Flow chart on the working process of the anomalies control logic.

where IL is the load current flowing through MPP.
If an anomaly occurs, i.e., IL > ITH , where ITH is the current

threshold defined by RS , L1 will receive an indication from
CMP1, and switch the MPP control from the linear regulation
block to the Block_2 by toggling VSW and VMODE. The ensuing
load current is clamped to the preset constant value, ICONS –
see Section III-B2, which is designed to be the same as ITH .
Nonoverlap logic [15] is adopted to avoid the condition where

both regulation blocks are activated which would cause massive
in-rush current flowing in MPP. Meanwhile, MP4 is closed to
short RS for avoiding the erroneous trigger to L1 during the
control handover, and T1 is triggered to count and its timing
time is set as t1.

During t1, VCTL from the Block_2 will open MN6 and close
MN5 after Delay_C introduced by the proposed peak removal
block – see Section III-B2, so that VCPP = VFB and the stable
output voltage will be monitored instead of the load current
through CMP2. Since ICONS is constant, if VOUT rises up to
VREFS/β within t1, it means the load has restored to the normal
working condition spontaneously, thereby the MPP control re-
turns back to the default linear regulation by resetting L1 through
CMP2 – denoted as a recoverable anomaly. T1 is reset at the same
time. VSW is restored to “0” and the falling edge triggers D2
to introduce Delay_B to delay the current sensing reactivation,
i.e., opening switch MP4, which helps circumvent the false
triggering of the Block_1 due to the transition uncertainties.

If the anomaly lasts over t1, a “permanent anomaly” signal
will be asserted by T1 and passed to L2, so VQB falls to “0” and
the LDO enters the reset state. The reset state will last the time
period of t2 that is defined by T2. In this state, the soft start circuit
is shut down, and the whole LDO system along with the loaded
circuits are powered OFF. It is a direct but efficacious method to
resolve most load current anomalies. t2 is normally long enough
for the substrate and/or well to discharge the cumulative charge
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Fig. 10. Timing diagrams at the occurrence of the recoverable and permanent
current anomalies.

carriers resulting from an anomaly due to SEL in the load device.
After t2, L2 will be reset by T2 and the proposed LDO will restart.

The control chain realized in the Block_1, as depicted in
Fig. 9, is a closed loop with a self-correction property against
the logical errors in digital logics caused by the radiation single
events, specifically the single-event-upset (SEU). Consider the
case when an SEU occurs and the state of the latches (L1 or L2) is
inadvertently corrupted. Although the LDO may inadvertently
enter into constant current regulation, it will nevertheless be
spontaneously restored to the default linear regulation because
of the closed loop, thereby resetting the corrupted logics to the
correct states. Note that even if the LDO inadvertently enters
into the reset state, it will automatically restart (power cycle)
without the need for an external signal.

2) Constant Current Regulation Block: The constant current
regulation block (Block_2) sets an upper limit to the load current
(ICONS) so as to protect the load from load current anomalies.
The schematic of our proposed Block_2 is depicted in Fig. 8(c).
It consists of a high-gain error amplifier and a wideband super
source follower [15], [29]. Switches MP2 and MP7 function the
same as switches MP2 and MP8 in Fig. 2. They ensure that MPP
is controlled by either the linear regulation block or the Block_2
based on the commands sent by the Block_1 (VSW1 and VSW2).
Power saving is also realized.

Together with the level shifter in Fig. 2, a negative feedback
loop is constructed. The frequency compensation network com-
prising CCR and RCRE ensures stable operation within the
entire load current range. We derive the relationship between
ISENSE and ICCR [in Fig. 8(c)] in (13) while ICONS is given
in (14) that is defined by RC . Note that during the transition
from linear regulation to constant current regulation, if only RC

is connected between VPR and VDD, VOUT would suffer a large
voltage peak. This is because when the system enters the constant

Fig. 11. Simulated outputs when the Block_2 is with and without the peak
removal block.

current regulation in response to a load anomaly, VPR is unable
to track the changes of ISENSE due to the large CCR, 100 nF.
Consequently, the positive voltage difference from VREFS will
pull down the gate of MPP and the ensuing large transient current
will lead to a large voltage peak. To accommodate this, we
propose a peak removal block depicted in Fig. 8(d).

ISENSE

ICCR
=

KP

KS
(13)

ICONS = KS
VDD − VREFS

RC
. (14)

Three switches, namely SWA, SWB, and SWC, manipulate the
working process. In the default state when the LDO is regulated
by the linear regulation block (VMODE = 1), SWA is always
ON to fully discharge CCR (VPR = 0). SWB and SWC are both
OFF by the logics, which is advantage in power saving. Once
the transition to the Block_2 happens, VMODE is changed to 0,
and SWA is then switched OFF while SWB is switched ON. The
biasing current (MP13) starts to charge CCR.

SWC is not turned ON until VPR approaches VREFS and the
output of the comparator switches from low to high. At the same
time, SWB is turned OFF to cut off the charging path, and the
feedback loop established by the Block_2 becomes effective
to regulate the constant load current. With this proposed circuit
application, the voltage difference between VPR and VREFS will
be small when the feedback loop is established. This voltage
difference is determined by the input offset voltage, VOS, of
the comparator where VOS = VPR - VREFS. This means that
only when VPR is charged up to VREFS + VOS, the output of
the comparator switches from low to high, and the control of
MPP is handed over to Block_2. From 200-point Monte Carlo
simulations, the mean value (μ) of this difference is −1.55 mV
while the standard deviation (σ) is 5.55 mV. For completeness,
from Monte Carlo simulations, the VOS is expected to range
from −18.2 to 15.1 mV (3σ range) – it is much smaller than the
counterpart without our peak removal block implementation as
discussed earlier. Put simply, the large voltage peak is mitigated
or possibly eliminated. The whole block will be reset to the
default state whenever VMODE returns to 1.

Fig. 11 demonstrates the validity of the proposed peak re-
moval block by comparing the simulated VOUT obtained with
and without this block. The simulation conditions are VOUT
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Fig. 12. Microphotograph of the proposed LDO-cum-LCL.

= 0.8V, ITH = ICONS = 3A, the normal IL is 2A while the
anomaly is emulated by an 4A overcurrent. It can be observed
the large voltage peak is successfully removed which confirms
the efficacy of our proposed peak removal block as well as the
Block_2.

IV. MEASUREMENT RESULTS

The proposed fast-transient radiation-tolerant LDO-cum-
LCL is fabricated in 130 nm bulk silicon CMOS process, and
its microphotograph is depicted in Fig. 12. Wide guard rings
(1.5–2 μm width) and deep N-wells are extensively applied in
the proximity to the active regions, i.e., <10μm, to realize its
radiation-tolerance feature to eliminate μ-SELs and SELs [11],
[30]. The active area is ∼3.25 mm2 where the power PMOS
accounts for almost the area of the other functional blocks. The
large power transistor area is designed for 3A current capacity.
RF1 and RF2 in the resistive feedback divider are realized by
a chip resistor (1.8 kΩ) and a variable resistor, respectively,
to ease our measurements and troubleshooting during testing.
The output capacitor is a 220 μF tantalum polymer capacitor
(model number: T530D227M010ATE006) which features low
RESR(∼6 mΩ) and high radiation resistance [12], [13]. The
default VIN and VOUT are 2.8 V and 0.8 V, respectively.

The measured quiescent current (Iq), current efficiency, and
power efficiency are summarized in Fig. 13(a). When the LDO
is operating at heavy load, the Iq and current efficiency increases
with the load current. For example, at full load of 3A, the peak
current efficiency is high – 99.5%, with an Iq of 15.2 mA. Even at
the medium load (10 mA), the efficiency remains high – 89.4%.
The relatively high current efficiencies are attributed to the large
KP.

In contrast, when the LDO is operating at light load (<10 mA)
with VIN = 2.8 V and VOUT = 0.8 V, the current efficiency
is compromised, e.g., the quiescent current is approximately
1.1 mA, which is mostly consumed by the core control, resis-
tive voltage divider and our proposed RP in the level shifter.
Note that we deliberately designed the quiescent current at
the light load to a relatively high value (1.1 mA). This is to
enhance the radiation tolerance of our proposed LDO against
the single-event-transients (SETs) and SELs. This is because
the relatively high quiescent current can ensure extensive low
impedance nodes in circuits [7]. For completeness, note that

Fig. 13. (a) Measured quiescent current, current efficiency, and power effi-
ciency and (b) measured static output error versus the voltage difference.

Fig. 14. Measured output transient response under 3A load transient with
400 ns rising and falling time. (a) Rising edge and (b) falling edge of the load
transient when VOUT = 0.8 V. (c) Rising edge and (d) falling edge of the load
transient when VOUT = 2.4 V.

this relatively high quiescent current at light loads is commonly
practiced in commercial radiation-hardened ICs [12], [13].

The LDO’s power efficiency is, as expected, low – it is an
inherent (and common) drawback of LDOs in comparison to
switching power converters. At full load (3A) when VIN = 2.8 V
and VOUT = 0.8V, the power efficiency is only 28.4%. However,
when the LDO works in the dropout region, e.g., at 2.4 V VOUT,
the power efficiency is high – 85.1% – as shown in Fig. 13(a) but
traded-off with slightly degraded transient performance depicted
in Fig. 14. This specific operating efficiency is comparable to
most state-of-the-art LDO designs [5], [8], [23], [31].

The dropout voltage and line regulation measured at the load
of 3A can be inferred from Fig. 13(b). Specifically, Fig. 13(b)
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TABLE II
PERFORMANCE COMPARISON WITH STATE-OF-THE-ART LDOS

depicts the measured static output error (the deviation from the
normal VOUT) versus the voltage difference (VIN - VOUT).
According to an industry definition [32], the dropout voltage
is inferred to be 210 mV. The line regulation is calculated
as 0.4 mV/V. These highly competitive (see Table II) static
characteristics are attributed to the high dc gain (92dB) of the
feedback loop, arising from our proposed TFF technique.

Fig. 14 depicts the output transient response of our proposed
LDO regulated by the linear regulation block. The load variation
is between 0 and 3A with the fast transition of 400ns rising and
falling time. The equivalent load transition speed is 7.5 A/μs,
which is one of the fastest in comparison to that of many reported
state-of-the-art LDO designs [5], [8], [23], [31]. Two conditions
are measured: VOUT = 0.8 V [Fig. 14(a) and (b)] and VOUT

= 2.4 V [Fig. 14(c) and (d)]. The former condition features
the minimum output voltage, while the latter one reflects the
performance of the LDO working close to the dropout region.
It can be observed that for VOUT = 0.8 V, the undershoot
and overshoot are 11.8 mV and 14.2 mV with the settling
times of 1.9 μs and 3.8 μs, respectively. The longer overshoot
settling time is due to the narrower UGB under the no load
condition as depicted in Fig. 6. When VOUT is elevated to 2.4 V,
the undershoot and overshoot are increased to 18.9 mV and
18.1 mV, respectively, while the corresponding settling times are
increased to 16.2 μs and 20.6 μs, respectively. These increments
result from the degraded UGB caused by the reduced β and the
power PMOS entering the triode region.

There is an obvious ∼2MHz oscillation during the settling
time in Fig. 14(b) and (d), but not in Fig. 14(a) and (c). This
is not a consequence of insufficient phase margin, but by the
considerable ringing on VIN as depicted in Fig. 15. This origi-
nates from the LC-oscillation due to the nonideal components in
the test instruments connections, e.g., the parasitic inductance
and resistance from short wire leads. Specifically, when the load
transitions from heavy to light, from 3 to 0A, the quickly cut-off
power transistor is effectively an open circuit, and the tank
circuit comprising the series parasitic resistance, inductance,
and input decoupling ceramic capacitors resonates accordingly.
Conversely, when the load transitions from light to heavy, from

Fig. 15. VOUT oscillation results from the ringing on VIN.

0 to 3A, the power transistor will be quickly turned ON and enter
the low impedance mode after a short response time due to our
proposed TFF technique. The low impedance greatly damps the
LC-oscillation – explaining why there is negligible impact in
Fig. 14(a) and (c). Nevertheless, the oscillation in Fig. 15 has
little impact on the magnitude of the measured output variations
due to the high PSR – see Fig. 17.

Put simply, the small output variations under both conditions
are much smaller than 2% of the output voltage, which confirms
that our proposed LDO meets the stringent requirements of the
state-of-the-art FPGAs [3] and SoCs. In short, our proposed TFF
technique is efficacious.

The load regulation can also be inferred from the measured
output transient response by setting different heavy loads (30 mA
to 3A). It is 0.15 mV/A that is much smaller than most reported
fast-transient LDOs [5], [8], [11], [23], [31].

To verify the effectiveness of the proposed protection mech-
anism, the Richtek load transient tool (RD0004) is utilized to
emulate current anomalies at the load. For our specific applica-
tion to protect an advanced FPGA (e.g., the programmable logics
and memories) whose maximum nominal current into a specific
power pin is around 425 mA, we define a current anomaly when
the operating current exceeds 4× of the maximum nominal cur-
rent,≥1.7A [28]. When duration of the current anomaly exceeds
32 ms, the LDO-cum-LCL power cycles that specific power
pin, and the SEL is circumvented. In short, the measurement
conditions are: VOUT = 0.8 V, ITH = ICONS = 1A, t1 = 32 ms,
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Fig. 16. Measured output transient waveforms in response to (a) the recover-
able and (b) the permanent current anomalies.

Fig. 17. (a) Measured PSR at 10MHz for IL = 3 A when the LDO works in
the dropout region and (b) corresponding PSR trend with frequency.

t2 = 100 ms and the current anomaly is represented by 0.47 Ω
(1.7 A).

Fig. 16(a) and (b) depict the measured results in response
to the recoverable (26 ms) and permanent anomalies (>32 ms),
respectively. Whenever a load anomaly is sensed, the LDO enters
the constant current regulation, and VOUT is clamped to 470 mV.
If this anomaly extends over t1, the LDO is shut down and restart
automatically after t2. The measured results are congruous with
the working process delineated in Section III-B.

The zoom-in view of the rising edge of VPR is shown in
Fig. 16(a). The constant current charging period can be clearly
observed, depicting that the proposed peak removal block works
properly during the MPP control transition from the linear
regulation block to the Block_2. The high voltage peak at VOUT

is hence avoided. In short, our proposed LCL mechanism in our
LDO-cum-LCL is effective to protect the load, e.g., the FPGA

or SoC, against current anomalies when the load suffers from
an SEL.

Fig. 17(a) shows the measured PSR at 10MHz when the
LDO works close to the dropout region with IL of 3A. It can
be calculated that the PSR is −50.7 dB at this frequency. The
Picotest J2120A line injector is used to supply the ac testing
signal at VIN [29]. In the same approach, the trend of PSR with
frequency is plotted in Fig. 17(b). The simulated PSR values
are depicted for comparison. The PSR of the proposed LDO
is very competitive (highest among the benchmarked LDOs
in Table II), i.e., −52.3 dB@100 kHz, is in part contributed
by the simple linear voltage regulator depicted in Fig. 2. By
means of simulations, we ascertained that our proposed LDO
achieves >30 dB PSR improvement at high frequencies (1 kHz
to 10 MHz) by the implementation of this linear regulator.

We have conducted the laser testing to verify the radiation
tolerance of our proposed LDO-cum-LCL. The integrated laser
detection system (SEMICAPS 1100) was used for the testing.
From measurement results, our proposed LDO-cum-LCL is
immune to the μ-SELs and SELs even after prolonged exposure
to the highest energy laser which is set to 4.2nJ (to avoid potential
physical damage). Moreover, the SET-induced output voltage
variations are less than 30 mV.

Table II benchmarks our proposed LDO-cum-LCL against
several state-of-the-art LDOs with high load current capacity.
We make the following comments. One, our LDO-cum-LCL is
the only RHBD device and realized in CMOS to date. Three
reported designs are radiation-hardened-by-process requiring
exotic processes [11], [12], [13] while the rest are not radiation-
tolerant/hardened designs [5], [8], [23], [31].

Two, from the table, although the overshoot and undershoot
in [5] are smaller than others, the pertinent load variation is low
– 1A, which is one-third of our 3A load variation. In view of
this, our proposed LDO would feature the smallest overshoot
and undershoot for a 3A load variation. We attribute this to our
proposed TFF technique.

Three, for the same reason, the load regulation of our design
is the best when compared to the state-of-the-art.

Four, further to three, also for the same reason, PSR perfor-
mance of our design is the highest.

Five, our proposed LDO can accommodate the largest off-chip
capacitor. It is a worthy attribute with respect to the radiation
hardness, in addition to our RHBD implementation.

Six, although our power transistor is PMOS vis-à-vis NMOS
[5], [8], its dropout voltage is, as expected, not the smallest. Nev-
ertheless, the 210 mV dropout voltage is still very competitive
considering the high current (3 A) capacity.

Seven, for a fair comparison, a common figure-of-merit (FoM)
[8] that reflects the overall performance of the LDO is given
as follows:

FoM =
CLΔVOUT Iq
I2L_MAX

(15)

where CL, ΔVOUT, and IL˙MAX are the output capacitor, the
peak-to-peak output voltage change due to overshoots and un-
dershoots, and the maximum load current, respectively. The
average value of the Iq is taken into calculation to ensure
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fairness [31]. Since the LDOs reported in [5], [8], [23], and [31]
target nonradiation-hardened applications. As the high current
efficiency is prioritized, e.g., the much lower quiescent current,
Iq, it is not unexpected that their FoMs are lower (better) than
radiation-hardened LDOs (including our proposed LDO) where
their Iq is significantly higher. Nevertheless, our proposed LDO
achieves the smallest (best) FoM among the radiation-hardened
LDOs [12], [13].

Eight, our design and two commercial products [12], [13]
are able to protect the load against anomalous load currents.
However, in comparison with [12] and [13], our proposed
module-level protection mechanism features a unique capability.
Specifically, it assists the LDO to distinguish the recoverable or
permanent current anomaly that occur in the load and treat them
differently as delineated in Section III-B.

Nine, our design is the only design that embodies the Euro-
pean standards [17].

In summary, our proposed fast-transient LDO-cum-LCL is
highly competitive compared to the state-of-the-art, albeit the
reported LDOs not featuring radiation tolerance or requiring
exotic fabrication processes.

V. CONCLUSION

We have delineated a fast-transient radiation-tolerant LDO-
cum-LCL (with protection for load current anomalies) mono-
lithically realized in 130 nm CMOS. The innovations include
the proposed TFF technique implemented in the main con-
trol circuit, and the proposed module-level current anomalies
protection mechanism. With these innovations, the proposed
LDO features very competitive attributes when benchmarked
against reported LDOs (albeit the reported LDOs not featuring
radiation tolerance or requiring exotic fabrication processes),
including small overshoot and undershoot (14.2 mV/11.8 mV
at 3A load variation), load regulation (0.15 mV/A), PSR
(−52.3 dB@100 kHz).

ACKNOWLEDGMENT

The authors would like to thank Zero-Error Systems for
providing valuable technical guidance.

REFERENCES

[1] P. P. Ray, “A review on 6G for space-air-ground integrated network:
Key enablers, open challenges, and future direction,” J. King Saud
Univ. - Comput. Inf. Sci., vol. 34, no. 9, pp. 6949–6976, Oct. 2022,
doi: 10.1016/j.jksuci.2021.08.014.

[2] OECD Space Forum, “Space economy for people, planet and
prosperity,” Sep. 2021. Accessed: Aug. 11, 2023. [Online]. Available:
https://www.oecd.org/sti/inno/space-forum/space-economy-for-people-
planet-and-prosperity.pdf

[3] Xilinx, “Radiation tolerant Kintex UltraScale XQRKU060 FPGA data
sheet (DS882),” Apr. 2022. Accessed: Aug. 11, 2023. [Online]. Available:
https://docs.xilinx.com/v/u/en-US/ds882-xqr-kintex-ultrascale

[4] K. Luria, J. Shor, M. Zelikson, and A. Lyakhov, “Dual-mode low-drop-out
regulator/power gate with linear and on–off conduction for microprocessor
core on-die supply voltages in 14 nm,” IEEE J. Solid-State Circuits, vol. 51,
no. 3, pp. 752–762, Mar. 2016, doi: 10.1109/JSSC.2015.2512387.

[5] K. Li, C. Yang, T. Guo, and Y. Zheng, “A multi-loop slew-rate-enhanced
NMOS LDO handling 1-A-load-current step with fast transient for 5G
applications,” IEEE J. Solid-State Circuits, vol. 55, no. 11, pp. 3076–3086,
Nov. 2020, doi: 10.1109/JSSC.2020.3005789.

[6] G. Bruguier and J.-M. Palau, “Single particle-induced latchup,”
IEEE Trans. Nucl. Sci., vol. 43, no. 2, pp. 522–532, Apr. 1996,
doi: 10.1109/23.490898.

[7] R. Baumann and K. Kruckmeyer, “Radiation handbook for
electronics,” 2019. Accessed: Aug. 11, 2023. [Online]. Available:
https://www.ti.com/applications/industrial/aerospace-defense/space/
radiation-handbook-for-electronics.html

[8] Q.-H. Duong et al., “Multiple-loop design technique for high-performance
low-dropout regulator,” IEEE J. Solid-State Circuits, vol. 52, no. 10,
pp. 2533–2549, Oct. 2017, doi: 10.1109/JSSC.2017.2717922.

[9] K. Joshi, S. Manandhar, and B. Bakkaloglu, “A 5.6µA wide bandwidth,
high power supply rejection linear low-dropout regulator with 68 dB
of PSR up to 2 MHz,” IEEE J. Solid-State Circuits, vol. 55, no. 8,
pp. 2151–2160, Aug. 2020, doi: 10.1109/JSSC.2020.2978033.

[10] R. W. Blaine et al., “RHBD bias circuits utilizing sensitive node active
charge cancellation,” IEEE Trans. Nucl. Sci., vol. 58, no. 6, pp. 3060–3066,
Dec. 2011, doi: 10.1109/TNS.2011.2171365.

[11] H. Fan et al., “Fast-transient radiation-hardened low-dropout voltage
regulator for space applications,” IEEE Trans. Nucl. Sci., vol. 68, no. 5,
pp. 1094–1102, May 2021, doi: 10.1109/TNS.2021.3070697.

[12] T. Instruments, “TPS7H1101A-SP 1.5-V to 7-V input, 3-A, radiation-
hardened LDO regulator datasheet,” 2017. [Online]. Available: www.ti.
com

[13] Renesas, “ISL75051SEH, ISL75051SRH datasheet,” 2017. Accessed:
Aug. 11, 2023. [Online]. Available: www.renesas.com

[14] M. Ho et al., “A CMOS low-dropout regulator with dominant-pole sub-
stitution,” IEEE Trans. Power Electron., vol. 31, no. 9, pp. 6362–6371,
Sep. 2016, doi: 10.1109/TPEL.2015.2503919.

[15] C.-Y. Hsieh, C.-Y. Yang, and K.-H. Chen, “A low-dropout regulator with
smooth peak current control (SPCC) topology for over current protection,”
in Proc. 16th IEEE Int. Conf. Electron., Circuits, Syst., 2009, pp. 363–366,
doi: 10.1109/ICECS.2009.5410917.

[16] A. Lopez, P. F. Miaja, M. Arias, and A. Fernandez, “Circuit proposal of a
latching current limiter for space applications based on a SiC N-MOSFET,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 10, no. 5, pp. 5474–5485,
Oct. 2022, doi: 10.1109/JESTPE.2022.3163585.

[17] ECSS Secretariat, Space Engineering Guidelines for Electrical Design and
Interface Requirements for Power Supply, ECSS-E-HB-20-20A, ECSS
Secretariat ESA-ESTEC Requirements & Standards Division, Noordwijk,
The Netherlands, Apr. 2016.

[18] K.-S. Chong, N. K. Z. Lwin, W. Shu, and J. S. Chang, “Radiation-hardened-
by-design (RHBD) digital design approaches: A case study on an 8051
microcontroller,” in Proc. IEEE Int. Symp. Circuits Syst., 2020, pp. 1–5,
doi: 10.1109/ISCAS45731.2020.9181131.

[19] J. Jiang, W. Shu, and J. S. Chang, “A 5.6 ppm/°C temperature coefficient,
87-dB PSRR, sub-1-V voltage reference in 65-nm CMOS exploiting the
zero-temperature-coefficient point,” IEEE J. Solid-State Circuits, vol. 52,
no. 3, pp. 623–633, Mar. 2017, doi: 10.1109/JSSC.2016.2627544.

[20] X. Peng and W. Sansen, “AC boosting compensation scheme for low-
power multistage amplifiers,” IEEE J. Solid-State Circuits, vol. 39, no. 11,
pp. 2074–2079, Nov. 2004, doi: 10.1109/JSSC.2004.835811.

[21] C. H. Hung, Y. Zheng, J. Guo, and K. N. Leung, “Bandwidth and slew rate
enhanced OTA with sustainable dynamic bias,” IEEE Trans. Circuits Syst.
II: Express Briefs, vol. 67, no. 4, pp. 635–639, Apr. 2020, doi: 10.1109/TC-
SII.2019.2924983.

[22] S. Bu, J. Guo, and K. N. Leung, “A 200-ps-response-time output-
capacitorless low-dropout regulator with unity-gain bandwidth >100
MHz in 130-nm CMOS,” IEEE Trans. Power Electron., vol. 33, no. 4,
pp. 3232–3246, Apr. 2018, doi: 10.1109/TPEL.2017.2711017.

[23] X. Ming, H. Liang, Z.-W. Zhang, Y.-L. Xin, Y. Qin, and Z. Wang,
“A high-efficiency and fast-transient low-dropout regulator with adap-
tive pole tracking frequency compensation technique,” IEEE Trans.
Power Electron., vol. 35, no. 11, pp. 12401–12415, Nov. 2020,
doi: 10.1109/TPEL.2020.2984815.

[24] P. R. Gray, P. J. Hurst, S. H. Lewis, and R. G. Meyer, Analysis and Design
of Analog Integrated Circuits. Hoboken, NJ, USA: Wiley, 2009.

[25] X. Ming et al., “A fast-transient low-dropout regulator with current-
efficient super transconductance cell and dynamic reference control,” IEEE
Trans. Circuits Syst. I: Regular Papers, vol. 68, no. 6, pp. 2354–2367,
Jun. 2021, doi: 10.1109/TCSI.2021.3063480.

[26] M. Ho, K. N. Leung, and K.-L. Mak, “A low-power fast-transient
90-nm low-dropout regulator with multiple small-gain stages,” IEEE
J. Solid-State Circuits, vol. 45, no. 11, pp. 2466–2475, Nov. 2010,
doi: 10.1109/JSSC.2010.2072611.

[27] NASA, “Single event effects summary,” Accessed: Nov. 21, 2023.
[Online]. Available: https://radhome.gsfc.nasa.gov./radhome/see/2011/
seesummary.cfm

https://dx.doi.org/10.1016/j.jksuci.2021.08.014
https://www.oecd.org/sti/inno/space-forum/space-economy-for-people-planet-and-prosperity.pdf
https://www.oecd.org/sti/inno/space-forum/space-economy-for-people-planet-and-prosperity.pdf
https://docs.xilinx.com/v/u/en-US/ds882-xqr-kintex-ultrascale
https://dx.doi.org/10.1109/JSSC.2015.2512387
https://dx.doi.org/10.1109/JSSC.2020.3005789
https://dx.doi.org/10.1109/23.490898
https://www.ti.com/applications/industrial/aerospace-defense/space/radiation-handbook-for-electronics.html
https://www.ti.com/applications/industrial/aerospace-defense/space/radiation-handbook-for-electronics.html
https://dx.doi.org/10.1109/JSSC.2017.2717922
https://dx.doi.org/10.1109/JSSC.2020.2978033
https://dx.doi.org/10.1109/TNS.2011.2171365
https://dx.doi.org/10.1109/TNS.2021.3070697
www.ti.com
www.ti.com
www.renesas.com
https://dx.doi.org/10.1109/TPEL.2015.2503919
https://dx.doi.org/10.1109/ICECS.2009.5410917
https://dx.doi.org/10.1109/JESTPE.2022.3163585
https://dx.doi.org/10.1109/ISCAS45731.2020.9181131
https://dx.doi.org/10.1109/JSSC.2016.2627544
https://dx.doi.org/10.1109/JSSC.2004.835811
https://dx.doi.org/10.1109/TCSII.2019.2924983
https://dx.doi.org/10.1109/TCSII.2019.2924983
https://dx.doi.org/10.1109/TPEL.2017.2711017
https://dx.doi.org/10.1109/TPEL.2020.2984815
https://dx.doi.org/10.1109/TCSI.2021.3063480
https://dx.doi.org/10.1109/JSSC.2010.2072611
https://radhome.gsfc.nasa.gov./radhome/see/2011/seesummary.cfm
https://radhome.gsfc.nasa.gov./radhome/see/2011/seesummary.cfm


4462 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

[28] J. Chang, W. Shu, and J. Jiang, “Electronic circuit for single-event latch-up
detection and protection,” U.S. Patent, US20170237250A1, 2020.

[29] J. Jiang, W. Shu, and J. S. Chang, “A 65-nm CMOS low dropout regulator
featuring >60-dB PSRR over 10-MHz frequency range and 100-mA load
current range,” IEEE J. Solid-State Circuits, vol. 53, no. 8, pp. 2331–2342,
Aug. 2018, doi: 10.1109/JSSC.2018.2837044.

[30] C. M. Andreou et al., “Single event transients and pulse quench-
ing effects in bandgap reference topologies for space applications,”
IEEE Trans. Nucl. Sci., vol. 63, no. 6, pp. 2950–2961, Dec. 2016,
doi: 10.1109/TNS.2016.2611639.

[31] X. Zhao, Q. Zhang, Y. Xin, S. Li, and L. Yu, “A high-efficiency fast-
transient LDO with low-impedance transient-current enhanced buffer,”
IEEE Trans. Power Electron., vol. 37, no. 8, pp. 8976–8987, Aug. 2022,
doi: 10.1109/TPEL.2022.3154598.

[32] Texas Instruments, “Understanding low drop out (LDO) regulators,”
2006. Accessed: Aug. 11, 2023. [Online]. Available: www.ti.com/lit/ml/
slup239a/slup239a.pdf

Zixian Zheng (Graduate Student Member, IEEE)
received the B.Eng. degree in communication engi-
neering from Nanjing University of Science and Tech-
nology, Nanjing, China, in 2016, and the joint M.Sc.
degree in integrated circuit design in 2018 from the
Technical University of Munich, Munich, Germany
and Nanyang Technological University, Singapore,
where he is currently working toward the Ph.D. de-
gree.

His current research interests include radiation
hardened by design (RHBD) ASICs, power manage-

ment ICs, and high-speed sampling circuits.

Wei Shu received the B.Eng. and Ph.D. degrees in
electrical and electronic engineering from Nanyang
Technological University (NTU), Singapore, in 2005
and 2010, respectively.

He was a Senior Research Scientist with the
Temasek Laboratories at NTU, Singapore. He is cur-
rently a Co-Founder and a CTO of Zero-Error Sys-
tems Pte. Ltd. His current research interests include
highly reliable radiation-hardened by design (RHBD)
application specific integrated circuit (ASIC), power
management ICs, audio power amplifier high-speed

data converters, and low-voltage low-power analog ASIC for microelectrome-
chanical systems (MEMS).

Joseph S. Chang (Senior Member, IEEE) received
the B.Eng. degree in electrical and computer engi-
neering from Monash University, Melbourne, VIC,
Australia, in 1983, and the Ph.D. degree from the
Department of Otolaryngology, The University of
Melbourne, Melbourne, VIC, Australia, in 1990.

He is currently with Nanyang Technological Uni-
versity (NTU), Singapore, where he is a Full Professor
and the former Director of its IC Design Center of Ex-
cellence, a Member of the NTU’s Research Council,
and was the Associate Dean of Research and Graduate

Studies with the College of Engineering and has held several other senior
academic/administrative positions. He is an Adjunct Professor with Texas A&M
University, USA. His research is multidisciplinary and publishes prolifically with
more than 200 science and engineering publications (including several ranked
#1 publications in Google Scholar), more than 90 awarded and pending patents,
and has licensed more than 10 patents, knowhow, and technology to industry.

Dr. Chang has been awarded numerous academic, defense, and industrial
grants exceeding $20M, including from the grant agencies beyond national
borders such as Defense Advanced Research Projects Agency (USA) and the
E.U., and from multinational corporations, and from local funding agencies. He
has founded six startups and has designed numerous related products adopted for
industry and commercially, including obtaining sizable funding from interna-
tional venture capitalists and multi $M industry research and industry contracts.
One of his startups has recently completed its multi $M Series A funding. He
served as a Guest Editor for the PROCEEDINGS OF THE IEEE for two special issues
and a Corresponding Guest Editor for the IEEE JOURNAL OF EMERGING AND SE-
LECTED TOPICS and IEEE Circuits and Systems Magazine. He was an Associate
Editor of several IEEE publications, including the IEEE TCAS-I, IEEE TCAS-II,
and IEEE CAS Magazine, a Senior Editor for the IEEE JETCAS, and an Editor
of the Open Column of IEEE CAS Magazine. He founded the Flexible Hybrid
and Printed Electronics Special Interest Group (CASSFlexible), and was the
Chair of the Analog Signal Processing TC and of the Life Sciences Systems and
Applications Technical Committee and the Biomedical and Life Science Circuits
and Systems TC. He has chaired several international conferences, was an IEEE
Distinguished Lecturer for 2012–2013 and was the keynote/plenary speaker at
several major conferences. He is the recipient of numerous technical awards,
including IEEE Darlington Award, IEEE Outstanding AE Award, IEEE CAS
Outstanding Prize, TL Best Publication Award, and several Best Paper Awards
at major conferences. He is also serving as an International Examiner/Assessor
for the ECE programme (2020–2023) of two universities.

https://dx.doi.org/10.1109/JSSC.2018.2837044
https://dx.doi.org/10.1109/TNS.2016.2611639
https://dx.doi.org/10.1109/TPEL.2022.3154598
www.ti.com/lit/ml/slup239a/slup239a.pdf
www.ti.com/lit/ml/slup239a/slup239a.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


