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Abstract—This letter presents a coarse-fine dual-loop digital
low-dropout regulator (DLDO), with combined synchronous and asynchronous logics, designed and measured in a 28-nm bulk CMOS. We
adopt a react-then-write two-step logic in the coarse loop for faster
transient response. To further shorten the loop latency, we employ true
single-phase clock dynamic latches in the coarse loop, and a self-biased
continuous-time comparator for voltage droop detection. The proposed
DLDO architecture achieves an FoM of 0.59 ps, with a load range of
5–25 mA under a 600-mV supply.
Index Terms—Continuous-time comparator, digital low-dropout
regulator (DLDO), dynamic logic, transient response, true single-phase
clock (TSPC) latch.

Fig. 1.

Block diagram of a conventional asynchronous DLDO.

Fig. 2.

Block diagram and operation principle of the proposed DLDO.

I. I NTRODUCTION
LOW-DROPOUT regulator (LDO) finds its way to provide
optimal supply voltages for the subsystems in a system-on-achip. With supply voltage scaling down to the near- or the subthreshold regions, it is challenging for an analog LDO to have sufficient
loop gain, especially under process, voltage, and temperature variations. Recently, digital LDOs have been widely investigated for its
capability to operate under a low supply voltage, using synchronous
or asynchronous control methods for VOUT regulation [1]–[14]. The
conventional synchronous digital LDO (DLDO) [1] simply consists
of a comparator, a bidirectional shift register (SR), and a power switch
array. The comparator senses the output voltage and determines the
shift direction of the SR to turn on/off the power switches, thus
regulating the output voltage. Obviously, a higher frequency clock
can improve the transient speed. Thus, coarse-fine tuning with adaptive clock frequency exhibits a good tradeoff between speed and
power [2]–[4]. However, it is hard for the D-flip-flops (DFFs) and
the clocked comparator to operate at a very high clock frequency
with a low supply voltage, for example, 1 GHz at 0.6 V. Therefore,
additional circuit techniques, like the recursive binary search [5],
time-based control [6], analog-assisted control [7], or N-type power
switches [8], are used to further improve the transient response of
the synchronous DLDOs. On the other hand, for conventional asynchronous DLDO [9]–[11], as shown in Fig. 1, a local pulse generated
from the prestage comparator output triggers the next-stage operation.
However, the pulse (comparator output) width or even the amplitude shrinks as the output voltage VOUT recovers. Then, the later
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asynchronous stages can hardly be driven by the weak pulse when
VOUT is close to the reference voltage VREF , in such a way that
the output voltage may not reach the desired value. Alternatively,
event-driven architectures [12], [13] achieve a fast response with
multibit asynchronous VOUT monitoring and a proportional-integral
control algorithm. And a hybrid synchronous–asynchronous architecture with load event-based feedforward triggering [14] further
improves the transient response. In this design, we combine synchronous, asynchronous, and also dynamic logics with a proposed
react-then-write (RW) two-step logic for faster transient response,
which will be introduced next.
II. C IRCUIT I MPLEMENTATION
Fig. 2 shows the block diagram and the basic operation principle
of the proposed dual-loop combined synchronous and asynchronous
(Co-SA) DLDO with the RW two-step logic. Our target is to mitigate
the voltage droop by the asynchronous droop detection and also the
dynamic asynchronous power switch activation. Similar to the previous coarse-fine tuning control, both the coarse and the fine loops
have a synchronous bidirectional SR to hold the control data. The
coarse and fine control loops have 16 and 32 unary bits, respectively,
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Fig. 3. (a) Block diagram of the coarse loop SR unit cell. (b) Schematic of
the TSPC latch.
Fig. 6.

Schematic of the clocked comparator.
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(b)

(c)

Fig. 7. (a) Simulation result for coarse loop output bits during load transient, and the zoomed-in details of the outputs of the (b) TSPC latches
and (c) standard DFFs.

(d)

(e)

Fig. 4. (a) Schematic of the select signal and internal clock generator for the
RW logics; and the four timing diagrams, where (b) VOUT drops and recovers
across VREFL at CLK = “1”; (c) VOUT drops and recovers across VREFL at
CLK = “0”; (d) VOUT drops across VREFL at CLK = “1” and recovers above
VREFL at CLK = “0”; and (e) VOUT drops across VREFL at CLK = “0” and
recovers above VREFL at CLK = “1.”

Fig. 5.

Schematic of the continuous-time comparator.

with a power switch size ratio of 32:1. In addition, we add some
asynchronous flavors into the coarse loop.
The operation principle is described as follows. In the steady-state
and during the heavy-to-light load transients, only the synchronous
logics operate with a slow (10-MHz) clock to maintain the loop

stability. As shown in Fig. 2, there are two clocked comparators
for the synchronous logics, and one continuous-time comparator for
the asynchronous fast reactions. For the light-to-heavy load transients, first, the self-biased continuous-time comparator [15] detects
the fast varying load transients when VOUT drops across VREFL .
Then, the control signal ENT is passed to all of the true single-phase
clock (TSPC) dynamic latches [16], which pass the ON signal to
the next TSPC latch and turn on the power switches sequentially in
a mono-direction only. In our asynchronous design, different from the
conventional pulse triggered asynchronous DLDO [9]–[11], a level
signal (ENT ), instead of a prestage regenerated pulse, enables the
shift turn-on operation of the power switches. Therefore, the asynchronous signal strength in our design does not degrade when VOUT
approaches VREFL . When VOUT recovers above VREFL , the outputs
of the TSPC latches are frozen and written into the standard DFFs
in the coarse loop, and the standard DFFs take over the control of
the power switches. When VOUT exceeds VREFH , the standard DFFs
in the coarse loop gradually turn off the power switches until VOUT
goes back into the dead-zone. When VOUT is in the dead-zone, only
the fine loop operates.
Fig. 3(a) illustrates the unit cell of the coarse loop SR (SRCoarse ).
In each unit, the outputs of a standard DFF and a TSPC latch are
connected through a selector, which is composed by two tri-state
inverters, to control the same power switch. Only one output will be
valid at a time. Fig. 3(b) shows the schematic of the TSPC latch.
When the EN signal is low, the input signal D will pass to its
output Q. When the EN is high, the output holds its previous value on
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Chip micrograph.

Fig. 11.

Fig. 9. Measured transient response with VIN = 600 mV and VREF =
550 mV.

Fig. 10.

Measured load regulation.

its parasitic capacitors. This dynamic data needs to be held for at most
one (10-MHz) clock period, then it will be written into the DFFs.
According to the simulation, the leakage will not be a problem until
the clock frequency is lower than 1 MHz. Due to the simple hardware
and dynamic operation, the time interval between the adjacent TSPC
latches is effectively shortened with reduced power consumption.
Fig. 4(a) shows the select signal and internal clock generator used
to coordinate the RW operation between the TSPC latches and the
DFFs. The load transient may happen at any random time instant,
and can be summarized into four cases, as shown in Fig. 4(b)–(e).
Fig. 4(b) exhibits the case when VOUT drops and recovers across
VREFL when the CLK signal is “1.” Fig. 4(c) displays the case
when VOUT drops and recovers across VREFL when CLK = “0.”
Fig. 4(d) presents the case when VOUT drops across VREFL at
CLK = “1,” and recovers above VREFL at CLK = “0.” Fig. 4(e) plots

Measured current efficiency.

the case when VOUT drops across VREFL at CLK = “0,” and recovers
back at CLK = “1.” In these four cases, at the time instant t1 , VOUT
drops across VREFL and ENT becomes “0” to enable all the TSPC
latches. Meanwhile, the initial data of the standard DFFs in the coarse
loop are written into the TSPC latches. Subsequently, the ENTRI signal selects the TSPC output to control the coarse power switches.
At the instant t2 , VOUT recovers above VREFL and ENT steps from
“0” to “1.” This ENT rising edge triggers a DFF to determine if
CLK = “0” or “1” at t2 . If CLK = “1,” the CLK signal directly
performs an AND operation with ENT to get CLK1 . If CLK = “0,”
CLK is inverted first, then performs an AND with ENT . In this way,
a rising edge can be generated for CLK1 once VOUT recovers above
VREFL . Then, this CLK1 rising edge triggers the standard DFFs in
the coarse loop to update their outputs to be the same as TSPC latch
outputs. Between t2 and t3 , the TSPC latches hold their output data.
At t3 , the next rising edge of CLK1 , which is synthesized with either
the rising or the falling edge of CLK, sets ENTRI to “1.” Then, the
DFFs are in control of the power switches. The coarse loop ends its
reaction.
In our design, the comparator array for the output voltage sensing includes a continuous-time comparator for the voltage droop
detection, and two clocked comparators for steady-state operation
and overshoot detection. Figs. 5 and 6 present the schematics of the
employed continuous-time comparator [15] and clocked comparator,
respectively. The continuous-time comparator consists of a self-biased
first stage and a complementary self-biased second stage. It compares
VOUT and VREFL , and defines the value of ENT , which is directly
propagated to the TSPC latches. The clocked comparators based on
the strong-arm latch topology compare VOUT with either VREF or
VREFH , specifying the shift direction for the standard DFF-based SRs.
Fig. 7 shows the simulated waveforms of VOUT and the coarse
loop output bits from either the TSPC latches or the standard DFFs,
with VIN = 600 mV, VREF = 550 mV, VREFH = 570 mV, VREFL =
540 mV, and 5–25 mA load changes. In Fig. 7(b), we can find that
the time interval for the TSPC latches to shift one bit is typically
180 ps, which is equivalent to the response speed of a synchronous
DLDO with a 5.5-GHz clock. We also noticed that there is a voltage
overshoot right after the undershoot recovery, which is caused by
the increased loop gain with a high equivalent clock frequency, or
namely reduced stability [3]. This problem can be solved by setting
another lower boundary VREFL2 (for example, VREFL2 = 520 mV)
to allow the TSPC latches to be disabled earlier. In such case, one
more continuous-time comparator is required. In addition, to avoid
the TSPC latches being enabled more than once in on synchronous
clock period, a one-shoot logic can be applied [2]. Fig. 7(c) shows
that the voltage overshoot recovers slowly with the coarse loop SR
driven by a 10-MHz clock.
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TABLE I
P ERFORMANCE C OMPARISON W ITH THE S TATE - OF - THE -A RT

III. M EASUREMENT R ESULTS
Fig. 8 illustrates the chip micrograph of the proposed DLDO, fabricated in a 28-nm bulk CMOS process. The active area is 0.019 mm2 ,
including the power switch arrays, control logics, and a 150-pF load
capacitor. Fig. 9 plots the measured transient response with a 600-mV
input, a 550-mV reference, and a 10-MHz external clock. When
changing the off-chip load current between 5 mA and 25 mA with
10 ns edge time, the measured voltage undershoot and overshoot are
56 mV and 45 mV, respectively.
Fig. 10 exhibits the measured load regulation for different input
voltages. For VIN higher than 600 mV, the output current can be
as high as 25 mA. When VIN = 575 mV, the maximum current
drops to 20 mA. In high VIN or light load conditions, the limit cycle
oscillation introduces large output ripples which affect the measured
output accuracy. The measured quiescent current in steady state is
28 µA with a 600-mV input. In addition, Fig. 11 presents the current
efficiency with VIN = 600 mV and 650 mV, respectively. The current
efficiencies are higher than 99% over a wide load current range.
Table I shows the performance comparison between the proposed
Co-SA DLDO and prior DLDO designs.
IV. C ONCLUSION
When the supply voltage goes down to the near-/subthreshold
region for energy-efficiency computing, static logics may not be able
to operate under an ultrahigh frequency clock. Therefore, based on
a RW two-step logic concept, we demonstrated a digital LDO with
the dynamic logics and a continuous-time comparator for fast-drop
transient response, while the synchronous logics only deal with the
steady-state and voltage overshoot cases.
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