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Abstract: This article presents a self-triggered digitally assisted hybrid low-dropout regulator (LDO).
The proposed architecture uses an analog LDO for steady-state operation and a digital LDO to track
large output current changes. The dual loop has a loop controller for coherent operation, and the
digital loop is only triggered when there is a large load step. Therefore, the proposed LDO inherits
some of the advantages of both parts. It achieves a high power supply rejection ratio (°PSRR) from the
analog part. The digital loop has a faster settling time and consumes less static power than the analog
loop. In this design, the maximum load is 200 mA. For heavy load conditions, PSRR is —40 dB at
1 MHz. The quiescent current is 200 pA. The undershoot/overshoot with the corresponding settling
time measured under a load current step of 200 mA /10 ns are 82 mV /89 ns and 112 mV /110 ns,
respectively. The proposed LDO achieves a competitive 4.48 ps figure of merit. In the TSMC 65 nm

process, the active area is approximately 0.027 mm?2,

Keywords: hybrid; digitally assisted; low-dropout regulator (LDO); self-triggered; fast transient;
low power

1. Introduction

With the progression of technology, an increasing number of functionalities can be
incorporated into a singular chip, necessitating energy-efficient system-on-chip (SoC)
solutions for the most sophisticated electronic devices. In modern electronic products,
the power management integrated circuit (PMIC) [1] is particularly apt for applications
requiring low power consumption and high levels of integration. The contemporary PMIC
approach calls for reducing the power supply voltage to diminish power consumption while
simultaneously incorporating various analog, digital, and RF modules onto a single silicon
substrate, i.e., S0C, alongside multiple voltage regulators to cater to diverse requirements [2].
Over the past few decades, there has been an enormous demand for SoC modules with
varying regulated voltages and load specifications. Moreover, positioning the required
power management module as close to the load as feasible would prove beneficial in
achieving optimum performance, making on-chip implementation the ideal solution to
this issue.

Figure 1a presents the basic PMIC scheme of SoCs, which amalgamates a switching
DC-DC converter and a low-dropout regulator (LDO) to produce multiple clean power
supplies across the entire chip. Nevertheless, this traditional PMIC becomes profoundly
susceptible to the parasitic effects of complex power lines. For instance, parasitic inductance
associated to a long power line can cause excessive ripple voltage, whereas parasitic
resistance can lead to a resistance drop in the voltage perceived by the modules. Applying
a filter capacitor near each module’s power supply pin can attenuate the influence of
parasitic inductance. However, such an addition significantly complicates the chip design
and augments the cost. Moreover, the fundamental scheme remains impacted by the
resistive voltage drop.
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Figure 1. (a) Basic scheme and (b) recent scheme of the SoCs.

Figure 1b presents the recent PMIC scheme for SoC, where an LDO is integrated within
the module. Due to this integration, the parasitic effect between the LDO and modules is
almost non-existent. The integrated LDO typically demands an extensive drive capability
and rapid transient response. For instance, a digital module packed with a significant
number of swiftly switching devices will induce substantial and abrupt changes in load
current when the devices are dynamically toggled on and off. Given that a complex SoC
necessitates multiple LDOs to power various modules, the dimensions of the LDO should
be minimized. In summary, to seamlessly integrate with all modules, the LDO needs to
have a high output current capacity, a swift transient response, and occupy a small chip area,
and it should also provide the high PSRR performance demanded by RF/analog modules.

Analog low-dropout regulators (ALDOs) [3-9], as illustrated in Figure 2a, have been
extensively studied and developed for several decades and are commonly utilized as
on-chip voltage regulators. An ALDO comprises an error amplifier (EA) and a large
pass transistor, providing a well-regulated, noise-free output voltage with an impressive
PSRR capability. This makes ALDOs ideal for powering noise-sensitive analog/RF circuits
alongside their low static current performance. However, the downsides of ALDOs have
become apparent with the advancements in CMOS process scaling, proving that they
need to lend themselves better to the benefits of this scaling. They are incompatible with
standard digital design flows. Further complicating matters, the reduction in power supply
voltage and inherent gain of the transistor adds complexity to the analog circuit design,
necessitating significant design work.
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Figure 2. Topology of a conventional (a) ALDO and (b) DLDO.
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To address these issues with traditional ALDOs, digital LDOs (DLDOs), shown in
Figure 2b [10-18], have been proposed. These innovative designs include a comparator, a
shift register, and a bank of pass transistors. DLDOs demonstrate scalability, and their de-
sign allows the incorporated pass transistors to operate near or below the threshold voltage,
unlike their ALDO counterparts. This scalability allows for synthesizing DLDOs into other
digital function blocks within SoCs designs, facilitating easier integration. Various digital
controller algorithms or asynchronous structures have been developed, targeting rapid
transient response times and low static power consumption. Despite these advancements,
DLDOs suffer from inherent quantization errors, leading to low accuracy, and they possess
a narrow range of load current. This poses challenges in balancing speed and power.

Table 1 encapsulates a comparative analysis between analog low-dropout regulators
and digital LDOs. DLDOs, aided by the pass transistor operating in shutdown and linear
(resistance) modes, can achieve ultra-low dropout voltage. Technological advancement
fosters the digital loop’s portability and reduces its power consumption, resulting in a
superior area efficiency compared to ALDOs. Additionally, DLDOs exhibit a rapid settling
time. Nevertheless, DLDOs are not devoid of shortcomings. Their fundamental limitations
stem from a poor PSRR and a substantial output ripple. When pass transistors function in a
linear mode, they operate as parallel resistors between the input and output of the DLDO,
causing any input noise to directly couple to the output. This issue is further exacerbated in
digital architectures due to their susceptibility to output ripple. Conversely, ALDOs avoid
this issue as the error amplifier (EA) continuously drives the pass transistor with infinite
resolution, mitigating the output ripple. Recent studies [19-28] have unveiled various
hybrid topologies that fuse the benefits of both analog and digital control mechanisms.
However, a pioneering attempt to connect an analog LDO and a digital LDO directly in
parallel [19] underscored that a failure to adequately address the load-current-sharing issue
could lead to a complete loss of the hybrid topology’s advantages. This reveals the necessity
for an advanced control scheme that harmoniously balances both loops, designating one
loop as dominant and the other as subordinate.

Table 1. Comparison table of analog LDO and digital LDO.

Analog LDO Digital LDO
Quantization Error NO Yes
Dropout Voltage High Low
Area Efficiency Low High
Settling Time Slow Fast
PSRR Good Poor
Output Ripple No Yes

An analog-assisted digital LDO (AA-DLDO) introduced in [22] brought transient
improvements, a diminished power consumption, and a reduced load capacitor (CL). Nev-
ertheless, it employs dead zone control to eradicate limit cycle oscillations, compromising
voltage accuracy. Further reports [24,25] of an AA-DLDO illustrated a scenario where the
digital controller served as the primary controller, indicating that the additional power
could be redundant in a steady-state situation. Moreover, the output voltage proved to be
susceptible to switching noise, and the transient response time was inherently constrained
by the clock cycle.

In the case of the dual-loop hybrid LDO [27], it employed a similar hybrid control
approach, albeit with a complex loop controller that consumed a significant amount of
power. Even with the application of an asynchronous digital controller, the transient
performance of an event-driven DLDO with a residual tracking loop [23] was found to be
poor. The modular hybrid LDO [26], on the other hand, essentially used the resources of
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two LDOs to accomplish a single task. Although this improved the PSRR, it resulted in
unnecessary consumption and required an external clock to drive the digital cells.

In order to fully leverage the potential of the hybrid LDO, this paper proposes a
self-triggered digitally assisted hybrid LDO (DA-HLDO). The LDO achieves a fast transient
load response with a high PSRR and fast settling time without the external clock. Section 2
describes the proposed DA-HLDO architecture and working principle. Section 3 introduces
the circuit implementation of various functional blocks. Section 4 presents the measurement
results and discussion to verify the performance of DA-HLDO, and the conclusion is
presented in Section 5.

2. Proposed Architecture

In the proposed DA-HLDO model, the distinctive capabilities of both ALDO and
DLDO are fully exploited. Specifically, ALDO is deployed for precise, fine-tuning control,
while DLDO is reserved for broader, coarse tuning. This allocation of roles is sensible
because the pass transistor in the ALDO, which is persistently driven by an error amplifier
(EA), exclusively modulates minor variations in output voltage. Simultaneously, with
the pass transistor operating in off and linear modes, the DLDO can realize an ultra-low
dropout voltage. Continual advancements in process scaling lead to a portable digital
loop that consumes less power. This digital loop handles the majority of load current
while preserving area efficiency. Its inherent advantage in switching capability results in a
rapid transient response. Therefore, in steady-state conditions, the preference is for analog
operation, whereas during significant transient steps beyond the analog operation’s scope,
digital operation proves to be more beneficial.

In contrast, the AA-DLDO structures, as seen in references [24,25], employ a DLDO
as the primary controller and an ALDO as a secondary or ‘slave” controller. This configu-
ration, where DLDO remains constantly active, consequently leads to an increased static
power consumption and higher levels of switching noise. Additionally, it necessitates
the deployment of a top-level controller to manage the ALDO’s precise participation as a
slave and to balance the resource distribution between the two loops. The analog control
scheme is recognized for its superior static performance due to its inherent continuity and
static nature. On the other hand, the digital control scheme shows a better performance
in dynamic scenarios because it is fundamentally dynamic and is based on switching.
This means the DA-LDO [20,21] is more practical for implementation than the AA-LDO.
The DA-LDO concurrently harnesses the advantages of both ALDO and DLDO while
mitigating their limitations.

The design of the proposed DA-HLDO strategically capitalizes on the precision of
analog control and the swift transient response of digital control, resulting in an optimized
performance. During steady-state operations, the digital control scheme is deactivated,
allowing the analog control scheme to provide rigorous regulation, low idle current, an
absence of switching noise, and a limitation on periodic oscillations at the output. However,
during a transient event, if a substantial load change exceeds the range of the analog
control, the digital control scheme is activated in response to the event. This method not
only conserves the power consumption of the digital circuit, but it also ensures that the
response time is no longer confined by the clock cycle.

2.1. Architecture of the DA-HLDO

The proposed LDO architecture is shown in Figure 3. It mainly comprises two parts:
an ALDO used to track small load changes continuously and a DLDO activated when a
large output voltage change occurs. The ALDO consists of a folded cascode error amplifier
and an analog pass transistor (APT). The DLDO comprises a trigger composed of two
event-driven comparators and a clock generator, a controller comprising a flash ADC
(analog-to-digital converter), a finite state machine (FSM), and a digital pass transistor
(DPT) bank.
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Figure 3. Architecture of the proposed DA-HLDO.

The EA acts as the main controller in this hybrid scheme and continuously controls
the APT to sample the output voltage directly and through APT to produce a continuous
analog current (I). The digital controller is a slave controller that provides discrete digital
current (Ip) through a 15-bit DPT array. The APT contributes 1 mA-50 mA of load current,
and the part exceeding 50 mA (50 mA-200 mA) is contributed by fifteen 10 mA DPTs.

In this system, the ADC is structured into two main components—an event-driven
ADC and a flash ADC, each rendering unique functionalities. The event-driven ADC
is designed to incessantly monitor the Voyr, ensuring swift detection and reaction to
transient events. Upon the identification of these transients, the digital part is promptly
activated. In parallel, the flash ADC is responsible for comparing the Vg to Vggp, thus
guaranteeing the stability of the DA-HLDO within a certain state. It is crucial to emphasize
that Vg is dynamically tailored according to the load current and the readings from the
EA. The twofold function of the ADC, facilitating rapid responses by monitoring Voyt and
precision by comparing Vg, underscores the key advantage of our proposed architecture.

Two event-driven comparators are used to sense the output voltage Voyt. The output
of the two event-driven comparators is passed through an OR gate. Whenever Voyr falls
outside the range defined by the low threshold voltage (Vry) and the high threshold voltage
(VRH), an enable signal (EN) is produced, which then triggers the clock generator. This, in
turn, generates the clock signal for the flash ADC and FSM. In this way, two comparators
and an OR gate constitute an under/overshooting detector, and the clock signal triggered
by the EN signal becomes the digital controller’s switch.

After the initial rising edge of the clock signal, the digital controller is fully activated.
The 15-bit code generated by the flash ADC through only one comparison is transmitted to
the DPT through the FSM, and the required number of pass transistors will be on/off. The
counter in the FSM will generate a specific delay time after one comparison to reduce the
number of unnecessary comparisons and provide response time for Voyr. After several
delay times, if Voyr does not return within Vgry and Vg, compare again. This type of
algorithm allows DLDOs to reach quickly and correctly. Theoretically, a 100 ns current
step from minimum to maximum (maximum to minimum) can return Voyr to a stable
state within ten clock cycles, the DLDO is shut down, and the ALDO continues to perform
fine-tuning.

The proposed digitally assisted hybrid solution provides an area-efficient current
transmission by delivering most of the load current. At the same time, the self-triggered
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scheme delivers a well-regulated noise-free output voltage by freezing the digital load
current and adjusting the analog load current and uses a self-generated clock and flash
ADC to achieve a settling time of less than 110 ns, maintaining the PSRR performance of
the ALDO.

2.2. Static and Dynamic Performance

The FSM is shown in Figure 4. The proposed digital algorithm can handle every load
condition with a high efficiency and a low overhead.

EN=0

So: Digital off EN : Detect Vout
S;: Digital on, compare CT : Count CLK

S.: Digital on, pass and freeze

Figure 4. FSM of the digital controller.

Si S Si S

CLK

cT UL [ |

DPT o 7] 15 5] O

Figure 5. Timing diagram of the proposed DA-H LDO for a load step from 1 mA to 200 mA.

Our finite state machine (FSM) operates based on three states, namely Sy, S;, and
S,, which represent ‘digital off’, ‘digital on with comparing mode’, and ‘digital on with
passing and freezing mode’, respectively. The transitions between these states are governed
by two input signals, EN and CT. EN is the output signal from the event-driven ADC,
indicating a detection of Voyt, whereas CT is a signal derived from the clock cycles
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counted by the counter in the FSM. For input EN, the digital controller detects the event-
driven ADC output code. When ADC output is EN = 0, the last ADC output code freezes
and the digital part’s sleep mode is maintained, which is defined as Sy. When EN = 1, the
digital part is activated, and the flash ADC starts to compare, defined as S;. For input CT,
the counter in FSM starts counting on the second falling edge of the clock signal (CT = 0),
passes the flash ADC’s comparison result to the DPT, and freezes until a new falling edge
is generated, defined as S;. If Vour returns within the reference boundary (EN = 0), the
state transforms to Sy, and the digital part shuts down. If Voyr is still outside the reference
boundary (EN = 1), FSM keeps the previous comparison result frozen until the rising edge
occurs (CT = 1) after several clock delays and returns to S;. If Vgur is still outside the
reference boundary (EN = 1), the FSM will keep the previous comparison result frozen until
a rising edge occurs after a few clock delays (CT = 1). The state returns to S;, and the flash
ADC restarts the comparison. When the rising edge ends and the falling edge occurs after
the clock delay (CT = 0), S, is returned to again to pass the new comparison result to DPT
and start a new round of counting. FSM repeats in this way until Voyr stabilizes within
the boundary (EN = 0), and the analog loop works alone to become a steady state (Sp). To
further analyze the FSM in, a timing diagram for a current step is presented in Figure 5.
The load current (I changes from a light load (I, =1 mA) to a heavy load (I, = 200 mA).

In the beginning, the FSM stays in Sy. According to the number of DPTs turned on, as
I is very small, only the APT in the ALDO is activated and adjusted. Then, the fast-rising
Ip, causes Vour to drop rapidly. When Voyt drops rapidly under Vg, EN = 1, and the FSM
enters Sp. In this case, the DLDO is triggered, and an EN signal is generated. This signal
causes the clock generator to generate the clock signal.

In S, after a large load change, DLDO is turned on due to clock generation. Then,
during a clock cycle of FSM inherent response period, CT = 0, FSM reaches S, and maintains
the previous code. A rising edge occurs after one clock cycle, CT =1, the flash ADC is
activated for one comparison, and the output of the flash ADC is changed compared to the
previous code. A falling edge occurs when the comparison is completed, CT = 0, and FSM
enters Sy. The counter starts counting, passing the new 15-bit thermometer code to the
DPT, and freezing. After the three clock cycles’ counting time ends, CT = 1, and it detects
that Voyr has not yet entered the Vyy, so it returns to S;. The flash ADC performs the
comparison again. After the comparison is completed, following the above steps, the FSM
returns to S;. During the counting time, Voyr returns to the boundary, EN = 0, and the
clock signal is no longer generated. FSM enters Sy and shuts down DLDO.

In the next case, Voyt has stayed the same for a period of time in a state where only
the ALDO is working, and the FSM remains in the Sy state. This time, the fast-falling Iy,
causes Vour to rise rapidly. It is still because of the slow response of the analog loop that
Vour exceeds the Vry. The event-driven ADC detects that Voyt has left the range and
performs the same algorithm as the above sequence. This time, I} has not dropped to the
minimum value after one comparison because the DPT is completely turned on under
heavy load conditions. However, too many DPTs are turned off, causing Voyr to fall below
VRL. When returning to the Vry range and falling out of the Vg, range again, EN = 0, and
15 DPTs turn on while DLDO is turned off. With falling out of Vy;, the above Sy, S1, Sy, S,
and S, steps should be followed. After one re-comparison, the flash ADC finds the correct
15-bit thermometer code, and Vour returns to the reference boundary. The DLDO is turned
off, and the ALDO performs fine-tuning in a steady state.

The introduction of the CT signal, or delay, is primarily because the flash ADC can,
with only a single comparison, rapidly determine the number of DPTs that need to be
activated. Instituting a specific delay time prevents unnecessary repeat comparisons and
voltage oscillations due to minor current changes. Not only does reducing the number
of comparisons decrease current consumption and reduce voltage oscillations, but it also
optimally harnesses the benefits of the flash ADC.
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Due to the FSM-based self-triggered digital controller, the analog loop regulates Voyr
in a steady state, while the digital loop is only enabled under large load current variation.
Therefore, DA-HLDO has high PSRR, fast response time, and no ripple on LDO output.

2.3. Power Supply Rejection Ratio

PSRR refers to the amount of voltage ripple at the output of the LDO from the input
voltage. However, as mentioned in the above analysis, the PSRR performance comes from
the ALDO and is proportional to the gain of the ALDO:

VinrRPL

PSRR = —20log;
OUT,RPL

o« Afpa 1)

where Vi rpr and Vourrpr are the input ripple and output ripple, and Agy4 is the gain of
the EA. In the analog topology, as load current Iy, increases, the PSRR will decrease, but the
difference is less than 1/10. Due to the participation of DLDO in the hybrid topology, as
I;, increases, the DPT conduction current will increase. Under light loads, the analog part
dominates. The DA-ALDO has a reasonably fair supply noise rejection capability due to
the high bandwidth of the analog loop and the dominant pole being placed at the output.
Under heavy loads, the digital part dominates, and the PSRR performance falls back to
that of a conventional digital LDO. The loss in the resulting lowest PSRR performance at
maximum load compared to the highest PSRR provided by ALDO at the lightest load is:

Ip
PSRRLOSS = ZOZongliA_l (2)
Vour
where [4 and Ip are the load currents of the analog power transistor and digital power
transistor, where I}, = I4 + Ip. Through the above formula, when Vjy and Voyr are
unchanged, increasing I4 can reduce PSRR}pss, but excessively increasing I4 will reduce
area efficiency. By weighing response time, area efficiency, and PSRR performance, the
hybrid architecture proposed in this paper sets 4 to 50 mA and PSRR loss to 23 dB. Through
a 60 dB high-gain EA, DA-HLDO has an extremely high PSRR under light load conditions.
Even though some PSRR is lost under heavy load conditions, it still has competitiveness in
noise-sensitive modules such as RF/analog.

J|—=—1L.=1mA
—o—I =5mA
J|——1_=15mA
—=—| =50mA
J|—®—1_=200mA

PSRR (dB)
4
o
1

L] | L | R | L | L
1k 10k 100k 1M 10M 100M
Frequency (Hz)

Figure 6. Simulation results of the PSRR, Vi =12V, Voyr =1V, Cy =8 nF.

The simulated PSRR is plotted in Figure 6. Under light loads, the analog part domi-
nates. Due to the high gain of the analog part, the DA-HLDO achieves more than a 56 dB
supply rejection at low frequency and a 57 dB rejection up to 1 MHz. Under heavy loads,
although the digital part is responsible for 3/4 of the load current, the DA-HLDO achieves
a 45 dB supply rejection at low frequency and a 40 dB rejection up to 1 MHz. Compared
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with conventional DLDOs, the proposed digitally assisted LDO can improve the PSRR
performance by introducing analog circuits into the system. Although the hybrid LDO [27]
solves a part of the serious loss of PSRR performance under heavy load problem, it uses a
large area of power transistors. The control method is complicated, and the external clock
is used, which requires additional components, and the current consumption is relatively
large because the digital part is always working.

3. Implementation of Core Circuit

In this section, the detailed circuit implementations of various core functional blocks
of the proposed DA-HLDO are introduced. Design considerations are first validated based
on which appropriate resources are allocated.

3.1. Analog Error Amplifier

A folded cascode error amplifier is employed, as shown in Figure 7. Mj-M;j; form a folded
cascade stage. Stability problems can arise due to the large parasitic changes of the segmented
transistors. To mitigate this issue, a source follower buffer is added between the folded cascode
amplifier and the pass transistor. The buffer is realized by M1, and M;3. The source follower
has a low input parasitic capacitance and a low equivalent output impedance. In the folded
cascode stage, M, and M3 are identical. From My to My, the transistors of the left branch are
also identical to the transistors on the right branch. The small signal gain is defined as [27].

gm9+%
%: ngZ'm X [gm9'ra9'(roll//7'02) + 19 + (7011//702)] 3)
//[gm7‘ro7'7’05 + 1o7 + 7’05] ~ gm2 ‘Rp2

where g,y and 7,y are the transconductance and the output resistance of My; x denotes the
index; and R, is the equivalent output resistor of the folded cascode stage.

Figure 7. Circuit implementation of the EA.

The gain of the voltage buffer is very close to unity with a single pole wye. Thus, the
transfer function of the EA can be obtained by the following;:

E(S) — gm2R02
Vi (1+5/wpg) (1+5/wp2)

(4)

where wpg =1/(Rps Cp gate) and wpr=1/(Ro2 Cp2). Ry denotes the equivalent output resistor
at the buffer stage, and Cpa is the total parasitic capacitance at node V3, while Cp gate is
the gate capacitance of the pass transistors. In this design, Rys ~ 1/¢m12 represents a small
resistor about 8 kohm.
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3.2. Stability Analysis

The analog loop consists of three poles and one zero. wy, and wy, are regarded as
the dominant output pole and buffer output pole, respectively. The buffer output pole
is pushed beyond the unity-gain bandwidth of the LDO loop since the buffer output
impedance is small.

Under different load currents, the locations of wy, and wpg change significantly. For
a light load, wy, is a low-frequency pole, and wy, is located at high frequencies. In this
case, wp, and wyg are widely separated. However, wy, and wye will approach closer to each
other for a heavy load. Hence, the heavy load is the worst case for loop stability.

A pole-zero compensation scheme is used to introduce a zero in the loop that compen-
sates for the EA’s second pole, as shown in Figure 7 [29]. The pole generated from this R-C
network is at high enough frequencies to impact the loop stability.

The resistor and capacitor are Rc =20 k() and C¢ = 12 pE, where Rc is the fixed resistance
used along with a pole—zero tracking scheme. Figure 8 shows the simulation results for the
magnitude and phase of the loop gain under different loading conditions. f;,, varies in the kHz
range, and fpg is located in the MHz range. In this design, f,» and other high-frequency poles
are over 400 MHz. The phase margin for the worst scenario is approximately 58°. Therefore,
the analog loop stability can be guaranteed throughout the entire load current range.

80

60 i i i
40 -
g_ 20
€ o
s 9 PM =68
O_20 PM =64
—40 ] PM =58
_60 T T T T T T T
10° 102 10% 104 10° 10° 107 108
200
150
g
E'100-
2 5% — I =1mA
s b —— I, =50mA
o oL P I, = 200mA

100 102 100 10* 105 105 107 10®
Figure 8. Simulated LDO loop response for different load currents.

3.3. Event-Driven Comparator

Our design includes discrete sets of comparators for both Voyr and Vg, enabling an
effective monitoring of these parameters. Speed is a shared critical requirement for all
comparators. However, the Voyt comparators necessitate precise matching, while the Vg
comparators in flash ADC require a minimized input capacitance. As illustrated in Figure 9,
the NMOS input comparator employs a PMOS active load, which is cross-coupled. This
inherent positive feedback facilitates an increase in speed. This same topology is applicable
to PMOS input comparators but with NMOS cross-coupled active loads instead.

Two event-driven comparators are employed to detect if Voyr falls within the Vry
and Vg, range, as depicted in Figure 3. This is facilitated by the unequal sizing of the input
transistors, which introduces an offset voltage, A, of approximately 25 mV (with a P/N
ratio of 2:3). This offset value is strategically selected to ensure a balance between a quick
transient detection (necessitating a small offset) and the adaptability to process variations,
mismatch, and transient noise (requiring a larger offset to avoid false triggering). The
optimal offset value was identified via a comprehensive simulation. To accurately define
the offset voltage in light of process variations, the input transistors must be suitably large
and well-matched in the layout to mitigate any adverse effects.
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Figure 9. Circuit implementation of comparator for the event-driven ADC.

3.4. Clock Generator

A current-starved ring oscillator with an enable pin EN is utilized as the controlled
clock generator. The enable signal is applied to a standard NAND cell inside the ring
oscillator, and the other cells are all current-starved inverter cells, as shown in Figure 10.
When the EN input is high, the NAND unit is ultimately an inverter, and when the EN
input is low, the NAND unit blocks the signal and stops clock generation. The CLK signal
is generated from the output of the NAND unit, as shown in Figure 10. The NAND gate
ensures that CLK is always 0 when the digital controller is disabled (EN = 0). In this
way, once EN changes from zero to one, CLK will always change from zero to one as the
first rising edge of the clock. Therefore, all digital parts can be started after a rising edge.
Compared with the previous AA-HLDO work, a shorter response time has been achieved.

CLK

JUL

Figure 10. Circuit implementation of the ring oscillator-based clock generator.

The oscillation frequency of the ring oscillator is determined by the combined delay of
the inverters, including both propagation delay and output load. The total delay (td) of
a single current-starved inverter cell is much larger than that of the NAND cell, and the
total delay around the loop is approximately 4 t4. The generated clock has a frequency of
approximately 100 MHz.

For ring oscillator-based clock generators, process, voltage, and temperature (PVT)
variations are significant. However, the frequency of the clock is affected by temperature
(20 MHz clock difference occurred in the worst case) due to the digital loop set up, and
finished working within ten clock cycles in most cases, resulting in an absolute timing
difference of only 20 ns, only 2 ns in each clock cycle, which is acceptable.

3.5. Flash ADC

In this design, the digital controller uses a 4-bit flash ADC to quantify the gate voltage
of APT. The implementation of the 4-bit flash ADC is revealed in Figure 11. The ADC
consists of fifteen comparators driven by the 100 MHz clock signal generated by the
clock generator. A resistor ladder generates the required reference voltage levels for all
comparators. The ADC output is thermometer-coded and directly controls the fifteen DPTs.
The conventional architecture implements each comparator cell: a pre-amplifier, a strong-
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arm latch, and an SR latch, as described in [30]. The pre-amplifier has an approximate gain
of 3v/v.
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Figure 11. Circuit implementation of the 4-bit flash ADC.

Suppose an ideal voltage step is applied to a flash ADC. In that case, theoretically, the
digital loop only needs one clock cycle to track it (even from an active segment to fifteen
segments), which corresponds to a 10 ns flash ADC based on the clock cycle. Therefore,
even if the ADC code is reset, every time the digital controller is triggered due to a load
variation, the loop is so fast that it can quickly recover and track within 10 ns per clock
cycle. Therefore, a self-generated clock and flash ADC can minimize settling time.

4. Measurement Results

A prototype of the proposed DA-HLDO is verified in a 1.2 V 65 nm CMOS process.
The chip micrograph is shown in Figure 12. The active area of the DA-HLDO is 0.027 mm?.
The output voltage is 0.9-1.0 V from the input supply of 1.1-1.2 V, and the DA-HLDO can
deliver a 200 mA current at maximum while consuming 200 pA quiescent current. The size
of the analog power transistor is 200/0.06, and the size of one digital power transistor in
the 15-bit array is 25/0.06, all in pm.

The proposed circuit has a minimum of 3 mV/V line regulation when a reference
voltage is 900 mV at 200 mA load current and a maximum of 6 mV/V when the reference
voltage is 1.1 V, as shown in Figure 13a. The load regulation is also checked at three
reference voltages when load variation is from 1 mA to 200 mA. When the reference
voltage is 900 mV, the minimum load regulation is 2 mV/mA, and the maximum load
regulation is 11 mV/mA at 1.1 V reference voltage, as shown in Figure 13b. In 1.2 V input
voltage and 200 mV dropout voltage, Figure 14 shows that the undershoot/overshoot,
with the corresponding settling time measured under a load current step of 200 mA /10 ns
(Cr, =8 nF), are 82 mV/89 ns and 112 mV /110 ns, respectively.
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Figure 12. Die photograph of the proposed digitally assisted hybrid LDO.
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Figure 13. Measured (a) line regulation and (b) load regulation.

Table 2 presents a performance summary of this work and a comparison with recently
published solutions, including digital, analog, and hybrid-mode architectures. The figure of
merit (FOM) is 4.48 ps and makes this design competitive among all types of architectures.
All LDOs presented in Table 2, with the exception of those reported in references [23,31],
can support an output load current exceeding 100 mA. The PSRR results of the proposed
DA-HLDO solution proposed in this manuscript are comparable to the best results found
in the existing literature, specifically under full load conditions. However, our proposed
LDO distinguishes itself with a smaller area and a shorter settling time, resulting in an
improved FoM.
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Figure 14. Measured load transient waveforms responding to (a) ImA to 200 mA /10 ns (b) 200 mA

to 1 mA/10 ns load current step.

Table 2. Comparison of the proposed LDO with published state-of-the-art LDOs.

Publication [13] (o] [24] 521 331 271 This Work

ISSCC’'15 JSSC’18 JssC'17 JSSC’18 JSSC’18 JS5C’20
Process [nm] 130 65 130 250 130 40 65
Architecture Digital Digital Analog Analog Hybrid Hybrid Hybrid
Active Area [mm?] 0.355 0.158 0.1825 0.108 0.0818 0.056 0.027
VIN (V) 0.5-1.2 0.6-1.0 1.05-2.0 1.5-3.3 1.1-1.2 1.25-1.4 1.1-1.2
VOUT (V) 0.45-1.14 0.55-0.95 2 1.0-3.0 0.8-1.1 1.1-1.25 0.9-1.0
IL, MAX [mA] 4.6 500 300 150 12 245 200
CL [nF] 1 15 1000 1000 0.5 20 8
1Q [uA] 24-221 300 14-120 100 163.2 300 200
AVout [mV] <40 50 56 160 240 71 112
@AIL [mA] @0.7 @100 @300 @150 @10 @240 @200
Ts [us] 1.1 0.025 0.25 200 0.052 0.52 0.11
PORIABI@ L MEHz ) N/A 12 36 N/A 13 40
FoM [ps] * >45 2.3 12.44 7.4 166 7.4 4.48

« FoM = CLxAVxlo

AI%zax

In the static mode, where only ALDO works, only the 40 pA quiescent current required

by EA is consumed. In the dynamic mode of ALDO and DLDO work, the quiescent current
consumed is 200 pA. The quiescent current is smaller than most of the LDOs because the
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digital controller is disabled in steady state to eliminate switching noises. By powering
down the digital part, we can reduce the quiescent current at steady state even when using
the flash ADC.

5. Conclusions

This article proposes a self-triggered digitally assisted hybrid LDO that truly inherits
the advantages of tight regulation and wide load current range from analog control, and
the merits of fast transient speed and area-efficient power transistor utilization from digital
control. The potential of the proposed DA-HLDO lies in that the ALDO is made the
master, whereas the DLDO is made the slave. The ALDO is precise and continuous and
consequently prevails in regulation and noise suppression. Meanwhile, a DLDO prevails
in terms of switching so that fast transient speed is attainable with area-efficient, fully
turned on/off power transistors. The DLDO consumes no static current by self-triggering
the digital loop on large current steps. Results from the DA-HLDO demonstrate a 110 ns
settling time and a FoM as low as 4.48 ps.
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