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Abstract—This article presents a coarse search scheme for dig-
ital low-dropout regulators (DLDOs) that enables an O(log n)-
complexity of coarse searching operations. To address the effec-
tiveness of the searching algorithm, the proposed DLDO conducts
asynchronous coarse searching using the proposed binary search
scheme and synchronous fine searching using a fixed-precision
linear searching scheme. The chip was fabricated using a 28-nm
process, and the proposed DLDO was designed to cover an output
voltage (VOUT) of 0.45–0.95 V with an input voltage (VIN) of 0.5–
1 V. The proposed DLDO regulates the output with a wide load
range from 15 Ω to 450 kΩ at VOUT = 0.45 V and VIN = 0.5 V
condition. Compared with the conventional binary search scheme,
the proposed DLDO achieves an average coarse searching time
improvement of 3.7 µs for light-to-heavy load-transition and 32 µs
for heavy-to-light load-transition.

Index Terms—Binary search, digital low-dropout regulator
(DLDO), fast transient response, linear search, low-dropout
regulator (LDO), power management.

I. INTRODUCTION

IN modern chip designs, as semiconductor manufacturing
processes develop, the importance of fully integrated power

management circuitry increases owing to increased transistor in-
tegration densities and operating speeds. Thus, process-scalable
digital low-dropout regulators (DLDOs) have been widely stud-
ied to regulate the supply voltage with high current efficiency,
even at low input voltage (VIN).
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Fig. 1. Operation of the (a) DLDOs with PI control and (b) DLDOs with PID
control. (c) DLDOs with computational logic [13], [14].

The operation of DLDOs can be approximated as a
proportional–integral–derivative (PID) control model [1]. Thus,
the conventional DLDOs are classified into two different types
based on the existence of a digital derivative control loop.
Fig. 1(a) shows the architecture and time-domain transient re-
sponse of the proportional–integral (PI)-controlled DLDOs [2],
[3], [4], [5], [6], [7], [8], [9]. Conventional DLDOs with PI
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control loops were designed to achieve better figure-of-merit
(FoM [10]), by using a pF-level output decoupling capacitor
(COUT) along with relatively low quiescent current (IQ); actually,
this widely used FoM has been used to compare the performance
of linearly operating analog LDOs, which is an inappropriate de-
sign metric for accurately evaluating the performance of capaci-
torless DLDOs. The PI-controlled DLDOs made the controllers
respond after load-change events, causing large undershoots
at output voltage (VOUT) even for small changes in the load
current (IOUT). Thus, the conventional PI-controlled DLDOs
reduced the VOUT-drop by employing analog-assisted high-pass
filters [2], [3], [6] or NMOS pass transistors [8], [9] but the VOUT

still drops severely under small load-transitions (only 3.5× [4]
and 6× [2] load-transitions resulted in approximately 100 mV
VOUT-drops). In addition, for driving SRAM or digital circuits
with large supply-line capacitance (>100 pF) [11], a dominant
pole at the gate of the p-channel metal–oxide–semiconductor
(PMOS) pass transistor requires a lowered bandwidth of their
controller. Furthermore, the bandwidth of the controller should
be designed by considering the stability of the lightest load
condition of the DLDO, which worsens the transient response
in practical applications.

Owing to the availability of response during load-change
events, PID-controlled DLDOs exhibit several advantages over
PI-controlled DLDOs, as shown in Fig. 1(b). First, the bandwidth
of the digital controller and capacitance density ofCOUT increase
with advancements in the CMOS fabrication process. Thus, the
performance of DLDO naturally improves in modern CMOS
processes. In addition, the dominant VOUT-pole provides a high
power-supply rejection ratio at high-frequency range [12], and
a well-designed DLDO can be employed in many applications,
because it operates stably under light-load conditions.

To maximize the transient-response performance over con-
ventional DLDOs, several studies have introduced DLDOs that
measure the transient VOUT-slope and transform the slope into
proper PMOS-codes using computational logic [13], [14], as
shown in Fig. 1(c). However, they require accurate time mea-
surements and computational logic circuits that operate within
the RC-delay of the output load (ROUT) and COUT, even under
low-VIN conditions.

To address this challenge, we propose a DLDO that acti-
vates asynchronous coarse searching with a time complexity of
O(logn) in load-transient situations. The proposed DLDO also
conducts synchronous fine-searching operations using a fixed
8 MHz clock, reducing the settling time (Tsettle) by adopting a
linear searching logic with 7-bit fixed precision.

The rest of this article is organized as follows. In Section II,
we describe the proposed DLDO search scheme. Section III
describes the top architecture of the DLDO and its circuit im-
plementations, and Section IV presents the measurement results.
Finally, Section V concludes this article.

II. PROPOSED GEOMETRIC SEQUENCE ARRAY-BASED

BINARY SEARCH SCHEME

DLDOs were initially designed to find a suitable digital code
for a PMOS array that makes the VOUT close to a target reference

voltage (VREF,M) by controlling the output current of the PMOS
array using a linear search algorithm [7]. However, operating a
DLDO with a linear search requires a high-frequency clock to
operate O(2n) search cycles, where n denotes the number of
digital bits of PMOS pass transistor array. Thus, this design
methodology caused a strong tradeoff between the transient
response and current dissipation of DLDO.

Therefore, several DLDOs have improved their transient re-
sponses by adopting fast and process-scalable binary search al-
gorithms [15], [16], as shown in Fig. 2. These DLDOs employed
binary-search-based algorithms as coarse-searching algorithms,
which rapidly search the appropriate PMOS digital code dur-
ing the load transient events. Thus, the digital-algorithm-based
coarse search operations enabled the DLDOs to operate even
under low-VIN conditions with robustness in process, voltage,
and temperature (PVT). However, the time complexity of these
binary search schemes using a unary-weighted PMOS array
is equivalent to that of the linear search algorithm using a
binary-weighted PMOS array, which still has the worst case
number of events as O(n) [15].

Fig. 3(a) shows the operation principle of the proposed coarse
search scheme. When designing the DLDO to cover the contin-
uous ROUT range by multiplying a certain width of the PMOS
(Wx) by a constant k, the DLDO can cover a wide range ofROUT

values using geometric sequence PMOS-codes. If we define the
Rx as the output resistance when VOUT becomes VREF,M with
the PMOS width of Wx, the high and low ROUT boundaries
for the coarse search operation can be designed by dividing
and multiplying the target-ROUT of the range by

√
k. Thus,

the reference voltages that can be used for the proposed coarse
search operation (VREF,L and VREF,H) are derived by connecting
the Rx/

√
k and

√
kRx to the Wx width PMOS, and can be repet-

itively employed as voltage references at the overall operation
range in proposed coarse search scheme. For example, when
the width of the PMOS is k3Wx and the VOUT increases above
VREF,H, the coarse search logic determines that the current ROUT

is larger than Rx/(k2
√

k). Therefore, the proposed geometric
sequence array-based binary search (GSABS) scheme enables
a novel binary search scheme for DLDOs, using the VREF,H and
VREF,L voltage references.

Fig. 3(b) illustrates the detailed coarse searching operation
of the proposed DLDO. When the required width-range of
PMOS changes from the k6Wx range (heavy-load condition)
to the k2Wx range (light-load condition), VOUT automatically
increases above VREF,H owing to the resistance division between
on-resistance of the PMOS array and ROUT. Once the load-
transition is detected, the controller turns OFF all the PMOS
transistors in the array to force VOUT close to VREF,M and
starts the first coarse search operation with a PMOS width of
k3Wx. Then, owing to the larger output current of the PMOS
array compared with the required IOUT, VOUT automatically
increases above VREF,H. Thus, the controller turns OFF all the
PMOS transistors again to force VOUT close to VREF,M and
conducts a second search operation with a PMOS array of
kWx width. However, VOUT drops below VREF,L because of the
insufficient width of the PMOS array, which causes the controller
to turn ON a PMOS width of k2Wx after resettingVOUT toVREF,M.
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Fig. 2. Conventional binary search scheme [15], [16].

Fig. 3. (a) Operation principle of the proposed GSABS scheme. (b) Its example when the required PMOS width changes from k6Wx to k2Wx.

Therefore, VOUT settles within the voltage window bounded by
VREF,L and VREF,H within O(logkn) event cycles. The constant k,
which trades the transient response with a coarse voltage win-
dow, can be selected variously based on the target application.
In this work, the proposed DLDO is implemented with k = 2 to
directly compare the transient response performance with that
of the conventional binary-search scheme.

Fig. 4 shows an operation example with a binary-weighted
PMOS width from Wx to 64Wx. Even when starting the coarse
operation with an 8Wx range at load-transitions, the proposed
GSABS scheme requires only two coarse search operations to
cover a 128× wide load range. In this study, the DLDO is
designed to regulate VOUT with a 21-bit binary-weighted PMOS
array, consisting of an effective 15-bit resolution for coarse
searching operation and an additional 6-bit resolution for finer

VOUT-regulation. The 21-bit is determined to have the widest
coarse range among comparable DLDOs, and to conduct up
to four perfect coarse search cycles with the proposed GSABS
scheme, while meeting small voltage ripples.

Fig. 5 shows the detailed operation of the proposed DLDO.
Since the proposed GSABS scheme uses a sorted geometric
sequence array, search operations can be initiated at the par-
ent node of the binary search tree. Therefore, the operation
cycles of the proposed GSABS scheme are further reduced,
decreasing the coarse search time for certain light-to-heavy
load-transitions (e.g., from 28Wx PMOS to 211Wx PMOS) and
heavy-to-light load-transitions (e.g., from 212Wx PMOS to 27Wx

PMOS). A test option for using the conventional most significant
bit (MSB)-first binary search algorithm as a coarse searching
scheme is also implemented in this study. This conventional
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Fig. 4. Proposed GSABS scheme.

Fig. 5. Operation examples at the start of the GSABS scheme. (a) Under
light-to-heavy load-transitions. (b) Under heavy-to-light load-transitions.

binary search algorithm is also designed to initiate the coarse
searching operation from the parent node during heavy-to-light
load-transitions.

The operation of the GSABS relies on decisions made by
comparing VOUT with VREF,H and VREF,L. Thus, the process
and temperature variations for the required VREF,H and VREF,L

values of the PMOS pass transistors with widths of 213Wx were
simulated and are plotted in Fig. 6. In this study, Rx is defined
as VOUT = VREF,M with a PMOS width of Wx. Thus, the absolute
value of the required Rx automatically scales with the process
and temperature variations of PMOS on-resistance. This mech-
anism makes the absolute values of

√
kRx and Rx/

√
k, which

determine VREF,H and VREF,L using voltage divisions between

Fig. 6. Process and temperature simulations on required VREF,H and VREF,L
with PMOS width of 213Wx. (a) AtVREF,M = 0.45 V andVIN = 0.5 V condition.
(b) At VREF,M = 0.95 V and VIN = 1 V condition.

Fig. 7. Fixed-precision linear search for fine searching operation.

the PMOS array and ROUT, also be scaled with the process and
temperature variations. As a result, the simulation results reveal
that the required VREF,L and VREF,H vary by ±4.0 and ±1.6 mV
at VIN = 0.5 V condition, respectively. These variations in the
reference voltages are relatively smaller than the voltage window
by VREF,L and VREF,H, but also can cause a 1-bit searching error in
the proposed algorithm. However, this small amount of voltage
error during the GSABS still makes VOUT close to VREF,L or
VREF,H, and the following fine search operation compensates the
voltage error. In this work, for suppressing the additional coarse
search caused by a small voltage error and increasing the timing
margin of the DLDO with static comparators, 475 and 415 mV
are selected as VREF,H and VREF,L, respectively, at VIN = 0.5 V
and VREF,M = 0.45 V condition. In addition, these variations
decrease as VIN increases, which are reduced down to ±0.4 and
±0.1 mV, respectively, at VIN = 1 V condition.

Fig. 7 shows the fine search operation using a fixed-precision
linear searching operation. Because coarse search operations
have limited resolutions for rapid VOUT-recovery, the VOUT re-
sulting from the final PMOS-code of the coarse search has a dc
voltage error [15], [16]. Therefore, the synchronous linear search
algorithm is performed immediately after the coarse search op-
eration as in [16]. Although the linear search algorithm reduces
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Fig. 8. (a) Top architecture. (b) Operating waveform of the proposed DLDO.

Fig. 9. Schematic diagram of the designed static comparator [17].

the steady-state voltage error and voltage ripples, conducting
synchronous linear searching with a 21-bit PMOS array results
in large Tsettle, particularly under heavy-load conditions. Thus,
the proposed DLDO conducts a regulation operation with an
effective 7-bit PMOS-code and a fixed 8 MHz clock signal,
targeting up to 214 times faster VOUT-recovery than the con-
ventional linear search scheme [16]. In addition, for regulating
VOUT stably in light-load operations, a D flip-flop-based dynamic
frequency divider dynamically generates an appropriate slower
clock signal based on the current PMOS-code.

III. SYSTEM ARCHITECTURE AND CIRCUIT DETAILS

Fig. 8(a) illustrates the overall architecture of the proposed
DLDO. In the steady state, the DLDO operates with a dynamic
comparator (CMPDY) in a fine search circuit using the output sig-
nal of a frequency divider (CKfine). At each rising edge of signal
CKfine, CMPDY compares VOUT with VREF,M. Thus, based on the
comparison results, the fine search logic circuit regulates VOUT

close toVREF,M by changing the 7-bit of total 21-bit PMOS-code.
When a transient light-to-heavy (heavy-to-light) load-transition
occurs, a reference voltage VREF,L- (VREF,H-)connected static
comparator CMPST,L (CMPST,H) detects the change in the load
condition and stops the fine search by turning the FineEN signal to

Fig. 10. Chip micrograph.

Fig. 11. Measurement setup.

zero. Simultaneously, the controller rapidly generates the signal
VOUTcharge (VOUTdischarge), which only turns ON the largest
PMOS (turns OFF all PMOS) for fast recovery of VOUT, until the
signal VOUTLOW (signal VOUTHIGH) becomes zero again. To
start the next search operation with VOUT close to VREF,M during
heavy-to-light load-transitions, an additional VREF,M-connected
static comparator (CMPST,M) was employed. In addition, a 21-bit
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Fig. 12. Measured VOUT-waveforms with conventional and proposed binary search schemes at 0.5 V VIN condition under (a) 290 kΩ–20 Ω load-transition,
(b) 290–3.6 kΩ load-transition, and (c) 3.6–290 kΩ load-transition.

digital multiplexer is employed to select an appropriate PMOS-
code resulting from the coarse and fine search logic (QC[20:0] and
QF[20:0]) based on the FineEN signal, enabling seamless mode
transitions between the coarse and fine search operations.

Fig. 8(b) shows the detailed operating waveform of the pro-
posed DLDO. Once CMPST,L detects a voltage drop at VOUT,
the proposed DLDO recovers VOUT using a VOUTcharge signal
and starts a coarse search. Thus, as shown in the waveform,
the proposed DLDO starts a coarse search with 27Wx, but after
VOUT becomes lower than VREF,L with 27Wx of the PMOS pass
transistor, the proposed DLDO restarts the coarse search with
211Wx. However, VOUT drops below VREF,L again, and the coarse
search logic sets the PMOS width to 213Wx. This coarse search
is repeated once more, forcing the controller to set the PMOS

width to 214Wx. Subsequently, the controller presets the fine
search logic with the PMOS-code of coarse search logic using a
21-bit signal PresetQF, and retriggers the fine search operation by
turning ON the signal FineEN. Fig. 9 shows a schematic diagram
of the gain-boosted static comparator [17], which was employed
as the CMPST,H, CMPST,M, and CMPST,L in this study. The widths
of the input transistors were calibrated manually to reduce the
input offset voltage.

IV. MEASUREMENT RESULTS

Fig. 10 shows a chip micrograph fabricated using 28 nm
CMOS technology. To accurately measure the performance of
the proposed DLDO even at light-load conditions, the 1.8 V I/O
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Fig. 13. Measured VOUT-waveforms at 1 V VIN condition.

Fig. 14. Comparison between conventional and proposed binary search
schemes with (a) Coarse search cycles. (b) Tsettle.

NMOS was used as COUT to reduce the leakage current. Consid-
ering the mismatch variations between PMOS pass transistors,
this work employed a 1-µm-width PMOS transistor as a unit
transistor and generated lower IOUT by stacking the transistors
vertically. In addition, the common-centroid layout style [18]
was adopted to reduce the mismatch variations. Furthermore,
the 7-bit fixed-precision linear search of this work reduces the

burden of matching the output current of the binary-sized PMOS
pass transistors.

Fig. 11 shows the test setup used for measuring the proposed
DLDO. To representROUT during the load-transition operations,
two different off-chip resistors (ROUT1 and ROUT2) were em-
ployed. The supply voltage of the DLDO controller (VCONT) was
separated from the main current-path VIN. During the transient
performance measurement, a wide power switch (Mtest) was
turned ON to connect ROUT1 and ROUT2 in parallel. The off-chip
ROUT2 is employed for more accurate performance measurement
of the proposed DLDO. Since the ROUT2 is series-connected
to the bond-wires, the RLC system by ROUT2, bond-wire in-
ductance, and COUT is strongly overdamped; thus, the para-
sitic inductance of bond-wires does not create LC-oscillation
behavior at VOUT. However, the limited on-chip decoupling
capacitor (CIN) and parasitic inductance of bond-wire cause
LC-oscillation behavior at VIN node [3], [6]. In particular,
sharp load-transition operations within 1 ns edge time (Tedge)
cause large peak-to-peak VIN-ripples [3]. In order to measure
clear VOUT-waveforms, 10 ns Tedge and nF-level on-chip decou-
pling capacitor (CIN) were employed. In addition, eight short
bond-wires were connected in parallel to VIN to suppress the
LC-oscillation phenomenon. This non-DLDO effect is further
reduced in practical applications due to the low inductance in
flip-chip designs [3].

In this work, for measuring the various operations of the
DLDO with high accuracy, four off-chip resistors were em-
ployed to implement VREF,H, VREF,M, and VREF,L, through the
resistive division from VIN. The current consumption by these
off-chip resistors is also included in the current consumption
measurement. In practical applications, an on-chip resistive
digital-to-analog converter can be employed to generate these
reference voltages simultaneously, which can be controlled by a
commander circuit that controls dynamic voltage scaling opera-
tion to produce the desired dropout voltage at each predesigned
operation mode [19].

The measured waveforms of the proposed DLDO at 0.5 VIN

are displayed in Fig. 12. The proposed DLDO exhibits a 175 mV
undershoot with 57 ns light-to-heavy Tsettle when the ROUT

changes from 290 kΩ to 20 Ω. Since the MSB-first conventional
binary search scheme requires one coarse search operation for
this load transition case, the Tsettle of the proposed GSABS
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Fig. 15. (a) Measured VOUT vs. IOUT. (b) Measured current efficiency. (c) Measured IQ-breakdown at VOUT = 0.45 V and VIN = 0.5 V.

scheme is 3.35 times longer than the conventional scheme.
Nevertheless, the O(logn)-complexity searching operations
reduce the worst case coarse search cycles, resulting in shorter
search periods in the other waveforms. Fig. 13 shows that the
proposed DLDO can also regulate VOUT close to VREF,M under
the 1V VIN condition. The second undershoot of the proposed
DLDO was smaller than the first undershoot during the load
transition from 40 kΩ to 5 Ω. This was occurred because the
constant-transconductance bias condition of the CMPST,L, which
was optimized at 0.5 V VIN condition, rather aided the CMPST,L

in responding faster by using the first undershoot signal. This
relatively low-transconductance bias condition did not cause
measurement issues since the DLDO controller changes the
PMOS-width after the VOUT has recovered, and the static com-
parators respond only afterVOUT falls belowVREF,L or rises above
VREF,H. In addition, as the initial and final states of VOUT in
each waveform are close to the VREF,M, the waveforms indicate
that the proposed DLDO successfully tracks VREF,M through
fixed-precision fine search operations.

Fig. 14 shows the performance comparison between the
binary-search-based coarse schemes. Fig. 14(a) shows the coarse
search cycle difference by subtracting the number of coarse
cycles of the proposed coarse scheme from that of the con-
ventional scheme, and Fig. 14(b) indicates the Tsettle difference
by dividing the Tsettle of the conventional scheme with that of
the proposed scheme. The measurement results of 182 different
load-transition cases show that the proposed GSABS scheme
reduces the coarse search cycles in 126 cases and Tsettle in
131 cases, respectively. Under the light-load to heavy-load tran-
sition scenarios, the proposed GSABS coarse search scheme has
shorter search times at 55 out of 91 cases. In addition, since the
conventional MSB-first search begins with the MSB PMOS-
code, the conventional DLDO requires up to 10.3× coarse
search time for a 4× load increase scenario. Consequently, the
proposed GSABS scheme achieves an average coarse search
time improvement of 3.7 µs for light-to-heavy load-transitions
and 32 µs for heavy-to-light load-transitions. This performance
results show that the proposed GSABS scheme is better suited
for DLDO applications with wide output load ranges.

Fig. 15 shows the additional measured performance of the
proposed DLDO. Fig. 15(a) shows that the DLDO successfully

tracks VOUT with the fine search in the steady-state conditions.
In addition, the current efficiency of the proposed DLDO was
measured to be up to 99.9% for every VIN condition, as shown in
Fig. 15(b). Fig. 15(c) presents the measured current consump-
tion of the proposed DLDO at 0.5 V VIN, 0.45 V VOUT, and
ROUT = 290 kΩ condition. As the figure shows, the three static
comparators predominantly consume IQ.

Table I compares the proposed DLDO with previous DLDOs
that can regulate 0.45 V VOUT with a VIN of 0.5 V. The proposed
work is the first O(log2n) coarse searching DLDO that uses an
asynchronous GSABS scheme with a binary-weighted PMOS
array. Since the time complexity of the proposed DLDO is
O(log2n), the number of required coarse cycles is smaller than
those of other DLDOs [5], [8], [15], [16], [20] that operate
without time-measurement-based computational logic. In ad-
dition, as discussed with Fig. 14(b), the proposed DLDO ex-
hibited a relatively shorter average-Tsettle than the conventional
binary-search scheme [15], [16]. Furthermore, employing an
asynchronous coarse search operation enabled the proposed
DLDO to achieve a relatively better FoM than previous digital-
derivative-control-based DLDOs [13], [15], [20]; the FoM value
of [16] is relatively larger because of its low-IQ-target design
approach.

The computational DLDO [13] achieved a small ΔVOUT

with a short Tsettle, but its time-measuring computation limited
the maximum IOUT (IOUT,MAX). Moreover, the computational
scheme causes control errors at light-to-heavy load-transitions;
e.g., when the computational DLDO operates with 50 mV volt-
age window, the 0.5-V-operating time-measuring unit requires
the resolution below 11.6 ps to distinguish between 5.6-mA-to-
70-µA and 5.6-mA-to-140-µA IOUT-transitions. In contrast, the
binary-coarse search DLDOs exhibit relatively wide light-to-
heavy and heavy-to-light coarse search ranges owing to their
algorithm-based coarse search schemes.

Although DLDOs without digital derivative control achieved
a better FoM [5], [8], the digital controllers of these DLDOs re-
sponded slowly after the sharp load-transition finished, resulting
in a high VOUT-drop (ΔVOUT) at large and sharp load-transitions.
In other words, the output digital loads require additional control
schemes that suppress the IOUT-scenario as consecutive but
small load-step events. Then, the consecutive IOUT increase
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TABLE I
COMPARISON BETWEEN PREVIOUS DLDOS @VIN = 0.5 V AND VOUT = 0.45 V

scenarios will cost longer Tsettle than those reported in the
table.

In addition, the proposed GSABS scheme can be employed in
parallel with conventional analog derivative loops [2], [8]. This
analog–digital hybrid approach to derivative loops can further
enhance the performance of the DLDO, which can be explored
in future works.

V. CONCLUSION

This article proposed an O(log2n) coarse-searching DLDO
that regulates VOUT = 0.45–0.95 V with VIN = 0.5–1 V. The
proposed DLDO also adopts an asynchronous GSABS coarse
search and a synchronous fixed-precision linear fine search to
achieve both fastTsettle and small dc errors. The proposed DLDO
achieved a Tsettle of 57 ns and an FoM of 5.6 ps.
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