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Ultra-low-power fully-integrated voltage regulators with fast load-transient

performance are highly attractive for low-power systems-on-a-chip (SoCs). In

such systems, the digital units working in the subthreshold region are more

sensitive to supply variations. The digital low-dropout regulator (DLDO) is more

suitable for low-supply-voltage operation, as compared to an analog LDO

regulator. But, traditional DLDOs are either slow or power hungry, and need a

large output capacitor (consumes area) to survive a fast load transient. When a

higher clock frequency is used for faster response, both the current efficiency and

the loop stability are degraded [1]. An analog-assisted (AA) loop was used in [2]

to provide a high-pass loop in parallel with the slow digital loop for fast response.

However, a large coupling capacitor (100pF) was still needed, trading off area

with power and speed. An NMOS power stage as a source follower is sometimes

used in replica LDOs and cascaded LDOs [3] for its intrinsic response to load

transient; the NMOS source follower naturally provides more output current when

VOUT drops. To improve upon the power-speed-area tradeoffs, this paper presents

a DLDO using NMOS power switches, and employs a NAND-gate-based high-

pass analog path (NAP) to assist the slow low-power digital loop. With these two

techniques, nearly two orders of better FoM is achieved relative to the state-of-

the-art. 

Figure 18.4.1 shows the DLDO with the NMOS intrinsic response and NAP, which

combined, achieve a fast response. As the NMOS switch array needs to be driven

by a high voltage, a small 2× charge pump (CP) is employed. Because the CP only

supplies the tiny quiescent current of the gate drivers and the level shifters (LSs),

a 12pF total capacitor (including CF1,2=3pF and CB=6pF) can meet the current

demand sufficiently. The dynamic part of the switch-driving current will be filtered

by CB.

For the PMOS switch array and the AA loop in [2], the gm of the switch array is

proportional to the number of turned-on PMOS switches. When there are only a

few switches turned on in light load, the gm is too small to compensate a large

load transient, and consequently, the effectiveness of the AA loop decays. For our

NMOS switch array, we add the NAP to the two highest bits (being off in light

load) of the switch array, breaking the tie between the effective gm and the number

of switches turned on. As shown in Fig. 18.4.2, the output voltage is AC coupled

to VCP, which is DC-biased to 2×VDD by R1. Then, VCP is connected to a modified

NAND gate of which the corresponding PMOS M1 has large size to amplify the

coupled signal to the power NMOS’s gate when the output has an undershoot.

Since the CC is connected to the NAND buffer, instead of the power NMOS, only

a 12pF CC is used for the NAP. 

Upon a load transient event, the NMOS power switch responds first to

increase/decrease the output current. Then, the loop-1 starts the action of

increasing the output current if the output has an undershoot. At the next clock

rising edge, the loop-2 starts to adjust the output voltage to the preset value.  Fig.

18.4.2 shows the simulated transient responses of the traditional PMOS DLDO,

NMOS DLDO without NAP, and NMOS DLDO with NAP, when the load current

jumps from 0.5mA to 20.5mA with 3ns edge time and zero CL. The traditional

PMOS DLDO would have a 426mV undershoot, while the NMOS DLDO’s

undershoot is 244mV benefiting from the NMOS intrinsic response. The NMOS

DLDO with NAP loop (this work) has only 96mV of undershoot – a superior

transient-response capability. Fig. 18.4.2 also exhibits the I-V characteristics of

the turned-on NMOS and PMOS switches, when both the PMOS and NMOS have

an IOUT=11.5mA at VOUT=450mV; the NMOS power stage can manage 19% higher

current than the PMOS one with the same VOUT variation of 20mV. Combined with

the dead-zone control structure, an NMOS DLDO has a higher probability of

working in the dead-zone region than a PMOS DLDO, reducing its dynamic power.

Figure 18.4.3 shows the overall architecture of the NMOS DLDO with NAP. The

digital control loop uses a weighted shift register (SR) and a coarse-fine tuning

structure to get higher DC accuracy and smaller recovery time. The weights of

the SR in the fine and coarse loops are optimized for small glitches, while reducing

the number of registers. The fine loop contains an 8b SR, controlling eight 1×-

size power switches. The coarse loop uses a 4b low SR and a 16b high SR with

carry in/out between the two SRs. The low SR controls four 8×-size power

switches and the high SR controls sixteen 32×-size power switches in the coarse

loop. All the shift-register outputs go to the LSs to control the power stage in the

2×VDD domain. 

Figure 18.4.4 shows the simulated voltage waveforms during a load transient.

Due to the control-loop logic-delay mismatches, large glitches, which may enlarge

the voltage undershoot/overshoot, will happen during the carry operation between

the different weighted switch arrays [2]. Here, we designed the low and high SRs

to have different logic delays so voltage glitches are opposite in direction to the

undershoot/overshoot. In the proposed architecture, the mode-selecting

multiplexer of the coarse loop, which is the clock-gating stage for the low SR, is

implemented with ultra-high-threshold-voltage (UHVT) devices; and, the NOR

gate connected to the high SR for clock gating uses regular-threshold-voltage

(RVT) devices. As such, edges of CLKH arrive earlier than CLKL, as shown in the

zoomed-in region. So, the weighted shift-register structure will experience a carry

for the high SR first, and then reset the low SR, turning the glitch polarity to the

desired direction. 

The double-tail comparator [4] with an extra ‘valid’ output is used for the three

comparators. The ‘valid’ signal will be high after the comparator finishes the

comparison and will be low during its reset period. Thus, the fine and coarse loops

are triggered by the ‘valid’ signal, instead of being triggered by the global clock,

to avoid toggling the SR incorrectly. The rationale for this is that it is challenging

to maintain the right clock timing for all the SRs and comparators, due to the PVT

variations, especially under a 400mV sub-threshold input voltage. In addition, the

comparator in the fine loop stops working during coarse tuning and freeze mode

to reduce the dynamic current consumption.

The test chip was fabricated in a 28nm bulk CMOS process. The proposed NMOS

DLDO has a 50mV dropout voltage and can deliver 20mA with 0.35-to-0.5V

output, 0.4-to-0.55V input, and 4MHz clock. Fig. 18.4.5 shows the measured load

transient response. With VOUT=0.45V and VIN=0.5V and a zero-output capacitor,

when the load current changes from 0.5mA to 20.5mA with 3ns edge time, the

measured undershoot and overshoot voltages are 117mV and 49mV, respectively.

And, with VOUT=0.35V, VIN=0.4V, zero-output capacitor, and 1MHz clock, when the

load current changes from 1mA to 16mA with 3ns edge time, the measured

undershoot and overshoot voltages are 111mV and 46mV, respectively. For

dynamic voltage scaling, the measured reference up- and down-tracking speeds

are 238mV/μs and 91mV/μs, respectively. The comparison table in Fig. 18.4.6

shows that this design has two orders of better FoM as compared to the state-of-

the-art, with the low quiescent current and small required capacitance. Fig. 18.4.7

shows the chip micrograph. 
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Figure 18.4.1: The AA-DLDO scheme (top); the proposed NMOS DLDO with

NAND-gate-based high-pass analog path (bottom).

Figure 18.4.2: Circuit implementation with NAND-gate-based high-pass analog

path; the transient waveforms of the traditional PMOS DLDO, NMOS DLDO

without NAP, and NMOS DLDO with NAP; I-V characteristics of the turned-on

NMOS and PMOS power switches.

Figure 18.4.3: Overall architecture of the proposed NMOS NAP-DLDO;

schematics of the dead-zone comparator and double-tail comparator.

Figure 18.4.5: Measured load transient response; and reference tracking

waveforms. Figure 18.4.6: Comparison with the state-of-the-art.

Figure 18.4.4: Timing diagram of the NMOS NAP-DLDO.
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Figure 18.4.7: Chip micrograph of the NMOS NAP-DLDO.
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