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Analog-Assisted Digital Capacitorless
Low-Dropout Regulator Supporting Wide
Load Range

Nghia Tang
Bai Nguyen

Philipp Zhang, Member, IEEE, Jong-Hoon Kim, and Deukhyoun Heo

Abstract—Capacitorless (CL) low-dropout regulators
(LDO) have gained significant research interest for point-of-
load voltage regulation without off-chip capacitors. While
analog CL-LDOs can deliver superior power supply re-
jection (PSR), digital CL-LDOs are more scalable and ef-
ficient. To achieve the advantages of both types, this
paper presents a digital CL-LDO with an analog PSR en-
hancer, delivering strong PSR without compromising scal-
ability and efficiency. Load regulation is performed by an
asynchronous digital feedback controller for fast transient
response and scalable load drivability. PSR is achieved by
a load-insensitive wide-bandwidth analog controller. A pro-
totype chip of the analog-assisted digital CL-LDO is fab-
ricated in a 130-nm CMOS process with an active area of
0.0645 mm?, supporting load current up to 50 mA at nomi-
nal 1-V input and 0.8-V output. The measured PSR is better
than —20 dB for frequencies up to 10 MHz, and the measured
current efficiency peaks at 99.3%, with average current effi-
ciency of 96.7% across 50 x load range. The measured tran-
sient response to a full load step, with two values of load
capacitance (100 pF and 10 nF), demonstrates the LDO’s
stable operation over a wide range of load resistance and
capacitance.

Index Terms—Analog control, capacitorless (CL), digital
control, low-dropout regulator (LDO), power supply rejec-
tion (PSR).
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[. INTRODUCTION

OW-DROPOUT regulators (LDOs) are widely used fol-

lowing switched-mode converters to produce clean sup-
ply voltages for noise-sensitive circuits [1]-[5]. Due to sys-
tem miniaturization, the switching frequency of switched-mode
converters has increased beyond 1 MHz to accommodate small
inductors and capacitors. Power supply rejection (PSR) in the
megahertz range has thus become an important LDO specifica-
tion. While LDOs with off-chip capacitors typically have robust
performance with great PSR [6]—-[8], capacitorless (CL) LDOs
(without off-chip capacitors) have recently gained popularity
for their point-of-load regulation and smaller system size. Yet,
without a large off-chip capacitor to filter noise, the PSR of a
CL-LDO is compromised at high frequencies.

An LDO can use either an analog control scheme or a digital
control scheme to regulate its output voltage V,,,; at a specified
load current I},,4. In an analog LDO, see Fig. 1(a), transistor
My is operated in the saturation (or triode region under heavy
loads) by an analog controller, and Vj, is regulated by control-
ling the gate voltage of M. On the other hand, a digital LDO,
see Fig. 1(b), uses a digital controller to operate transistors M;—
My as switches in the triode region, and V, is regulated by
controlling the number of turned-ON switches. In Fig. 1, Rjaq
and Cl,,q are the resistance and capacitance of a load, and Cyg
is an optional off-chip capacitor (not present in a CL-LDO).
Compared to the analog counterparts, digital LDOs are known
to offer advantages in size, scalability, low-voltage operation,
and stability over a wide dynamic range [9]. This is mainly due
to the ability to use the entire rail-to-rail supply voltage range
to operate the transistors as switches and the flexibility to in-
crease the number of transistors when the load range expands.
However, digital LDOs suffer from worse PSR than their ana-
log counterparts because the gate voltages of M;—My cannot
be modulated to reject supply noise. An attempt to improve the
PSR of digital LDOs is proposed in [10], where supply noise
rejection is accomplished by dynamically adjusting the number
of turned-ON switches. Although this fully digital technique is
capable of low-voltage operation, the PSR is only —16 dB due
to the limited speed and resolution of the digital controller. Re-
cently, a hybrid design that uses a digital LDO and an analog
LDO in parallel has been presented to combine the advantages
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Fig. 1. Basic schematic of (a) analog LDO and (b) digital LDO.

of both topologies [11]. The digital LDO part features fast re-
sponse to large load disturbances, and it can operate at a supply
voltage as low as 0.6 V. The analog LDO part delivers a finetun-
ing current to produce low-noise output voltage when the supply
is above 1.1 V. This hybrid design can deliver fast load response,
scalability, and low-voltage operation from digital control, to-
gether with superior PSR from analog control when the supply
voltage is sufficiently high for analog circuits to operate. How-
ever, the reported PSR is only about —12 dB despite the help of
an analog LDO, which is worse than other analog LDOs operat-
ing at similar supply voltages [12], [13]. One reason is that in the
hybrid design, the analog LDO part must compensate the supply
injected noise of both itself and the digital LDO part. Therefore,
it is more challenging to design the analog part in a high-PSR
hybrid LDO, compared to a high-PSR standalone analog LDO.
Since hybrid designs offer advantages of both digital and ana-
log control schemes, they present interesting opportunities that
are worth further investigation and development. In this paper,
we propose an analog-assisted digital CL-LDO with better PSR
while maintaining the scalable and efficient nature of digital
LDOs. This is achieved by improving the performance of the
analog part with the help of the digital part. To understand how
the digital part complements and improves the analog part, it is
worth studying the limitations of analog LDOs.

In an analog LDO, see Fig. 1(a), the feedback loop gain
LG(s) is typically a second-order transfer function with an out-
put pole at V5, and an internal pole at V, [13]. One of these
two poles should be dominant to make a stable feedback loop.
For good PSR over a wide range of frequencies, a feedback
loop with large gain-bandwidth (GBW) and a dominant output
pole is desirable [13], [14]. If a large off-chip capacitor C,g on
the order of uF is connected at Vj,, it creates a large output
capacitance and accordingly a dominant output pole. Without
Cog in a CL-LDO, the output capacitance is mostly contributed
by Cload, Which is typically on the order of pF [14]. An on-chip
capacitor can be added to increase the output capacitance, but it
is typically below 1 nF due to silicon area constraint. Therefore,
the output pole of a CL-LDO is at a relatively high frequency
and close to the internal pole. Since the output pole varies with
the load condition, i.e., the values of Rjy,q and Cloaq, it is
difficult to design a feedback loop with large GBW and a dom-
inant output pole. One technique to create a dominant output
pole in a CL-LDO is to push the internal pole to a higher fre-
quency by using a buffer [13]. Yet, a limit on the maximum load

current [1,,q (or minimum Ry,,q) must be enforced to prevent
the output pole from approaching the internal pole and causing
instability. Additionally, the buffer consumes a large bias cur-
rent to drive a large power transistor at heavy loads, resulting in
low current efficiency at light loads. In [14], a capacitance mul-
tiplier is used to turn a small on-chip capacitor into a large active
output capacitor and thus create a dominant output pole. This
technique also degrades current efficiency at light loads because
a large bias current is required to achieve a large capacitance
multiplication factor. Another PSR-enhancing technique [15] is
to use cascaded devices to increase the isolation between V¢
and the supply voltage V DD, but it is not suitable for LDOs
with low-dropout voltage. Ripple feedforward techniques are
also effective in improving PSR [12], [16]-[18], but the match-
ing requirements for effective ripple cancellation increase the
design complexity, especially at low V D D. More importantly,
these CL-LDOs [12], [15]-[18] also have instability issues due
to the load-dependent output pole [14].

The load-dependent output pole indeed poses a challenge to
the design of a stable large-GBW analog feedback controller.
This is also a factor that limits the PSR performance of the hy-
brid LDO in [11]. To address the load-dependent output pole,
Kwok and Mok [19] propose a pole-zero-tracking compensating
technique. However, this technique requires prior knowledge of
the output capacitance, which is not necessarily predetermined
in CL-LDOs [14]. A replica compensated structure is proposed
in [20] to make the loop gain independent of the output capaci-
tance. This technique is very effective in improving the stability,
bandwidth, and PSR, but it can only be used to support a lim-
ited load range because the replica loop makes the regulator
unresponsive to load changes. Nevertheless, it is noticed that
this replica compensated structure can work in harmony with
a digital controller to build a high-PSR analog-assisted digital
CL-LDO supporting a wide load range. We propose to design
a wide-bandwidth analog PSR enhancer, based on the replica
compensated structure with robust stability for a wide range
of load capacitance, and use a digital regulator to regulate the
output voltage across a scalable, wide range of load current.
Section II will describe the proposed analog-assisted digital
CL-LDO in detail, and Section III will present the experimental
results of a prototype chip.

Il. ANALOG-ASSISTED DiGITAL CL-LDO

A system-level schematic of the proposed analog-assisted
digital CL-LDO is illustrated in Fig. 2. The power stage con-
tains N power switches, each composed of P-channel MOSFET
(PMOS) transistors M [i], Ms[i], and M3[i] fori € [1: N]. The
load current /),,4 is contributed by the current I; from the array
M [1: N] and the current I from the array M5 [1: N]. Load reg-
ulation is performed by a digital regulator that produces a digital
signal D[1: N] to control the transistors in the arrays Ms[1: N]
and M3[1: N]. Ms[i] and M3[i] are operated as switches, which
are either turned ON in the triode region (i.e., gate terminals
pulled to GN D) or turned OFF (i.e., gate terminals pulled to
V DD). Transistors in the array M [1: N]| are controlled in the
saturation region by an analog PSR enhancer, and their drain cur-




TANG et al.: ANALOG-ASSISTED DIGITAL CAPACITORLESS LOW-DROPOUT REGULATOR SUPPORTING WIDE LOAD RANGE

1801

7777777777777777777777777777777777777777777777777777777

7777777777777777777777777777777777 |

Power Stage ii
VDD | My[1:N] VDD My[1:N] |
a =

Digital Regulator

|

Tri-State
Shifter

-

(b)

arrays My [1: N] and M;[1: N]. The operation is asynchronous
without a reference clock signal and totally based on combina-
tional logics of V.DD, GN D, and D[1: N]. The asynchronous
controller in [10] also operates without a reference clock, but
it uses a bidirectional shifter with only left and right shifts
while the hold state is asserted by a freeze command sent from
a top-level system. The shifter in [11] has a similar behavior
to the tristate shifter, i.e., it automatically stops shifting when
View < Vout < Vhign, but the operation is synchronous, requir-

Fig. 2. (a) Proposed analog-assisted digital CL-LDO. (b) Operation of a power switch in the power stage.
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Fig. 3. Schematic and operation of the tri-state shifter.

rents are gated by M;[1: N]. When [},.q increases, the digital
regulator turns ON more transistors in the arrays M, [1: N| and
M;[1: NJ, which effectively increases the currents I; and I5.
It is worth noting that the ratio I; /I5 is constant, and I} < I5.
Under the operation of the digital regulator, V5, is regulated
into a voltage window bounded by Vi, and Vyje1, Which are re-
spectively AV smaller and larger than a reference voltage V.
The PSR enhancer uses an analog feedback loop to modulate Iy
to reject supply noise from V D D. Essentially, the digital regu-
lator regulates V,,,+ against load disturbances, while the analog
PSR enhancer suppresses voltage ripple injected from V D D.

A. Digital Regulator

The digital regulator in Fig. 2 mainly consists of a tristate
shifter that shifts D[1: N] depending on the value of V., relative
to Viow and Viign. The tristate shifter shown in Fig. 3 is simply
a chain of N cascaded 3-to-1 multiplexers (MUX).

If Vour < View, D[i — 1] is right shifted to D[é]. If Vi, >
Vhign, D[i + 1] is left shifted to D[i]. If Vigw < Vout < Vhigh,
DIi] is hold and unchanged, and the digital regulator reaches
a steady state. MUX [1] does not have a preceding stage, and
VDD is used as the preceding value. MUX[N] does not have
a succeeding stage, and GN D is used as the succeeding value.
DJ1:N] is then inverted to drive the PMOS transistors in the

ing a reference clock. Asynchronous and synchronous modes
have their own advantages and disadvantages. The tristate shifter
is designed with an asynchronous mode to achieve fast shift-
ing, only limited by the delay of combinational logic circuits
[10], which is however quite sensitive to process—temperature—
voltage variations. The switching threshold AV should be set
properly to ensure a stable operation. A tight threshold delivers
accurate dc setting of V/,,;, which requires the power switches
to be sized with fine resolution and the comparators to have high
speed and high sensitivity.

B. Analog PSR Enhancer

In Fig. 2, the analog PSR enhancer includes My, M;, and
Mg being scaled replicas of M, [i], M>[i], and M;][i], respec-
tively. M5 and Mg are always turned ON (i.e., gate terminals
tied to GIN D). M, is controlled by V;, the same signal that con-
trols M [¢]. The currents from M, and M; flow into an internal
resistor I;,; and produce an internal voltage V;,;. To analyze
the PSR enhancer, let us assume that the LDO has reached the
steady state, i.e., Viow < Vout < Vhign, and k power switches
are turned ON to provide [j,,q. This means that the gate ter-
minals of Ms[1: k] and M;][1 : k| are pulled to GND while
those of My [(k + 1) : N]and M;[(k + 1) : N] are pulled to
VDD. Therefore, M|l : k] and Ms[1 : k] are providing the
load current. In term of small-signal behavior, M>[1 : k] and
Ms;[1 : k] in the triode region can be modeled by on-resistance
r4s2 and r4.3; whereas, M7 [1 : k] in the saturation region can be
modeled by transconductance g,,; and output impedance 741 .
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Fig. 5. Small-signal model of the analog PSR enhancer.

The turned-OFF transistors contribute parasitic capacitance to
the system. Similarly, the small-signal effects of M, are mod-
eled by 7454 and g,,,4, and M5 and Mg are modeled by 74,5 and
r4s6, respectively.

A schematic of the error amplifier is shown in Fig. 4. Tran-
sistors M; — M, are matched, and transistors My, — M9 are
matched. Transistors M7, — Mg are sized such that their drain
currents are related by 21,4 = Iy15 = 21;16. The relationship
between small signals v, Vout, Uref, and v, can be obtained

Vg = (vint + vout) (]- + 29nz7rol) Im11Tea

- 4Urefgm7rolgmllrea (1)

where g,,7 is the transconductance of M7 — Mg, gnm11 1S the
transconductance of M, — M, r,; is the output impedance at
node V1, and r, is the output impedance at node V. By defining
Jea = (1 + 2977177"01)%”11 and v, = 0 (constant Vi), (1) can
be simplified as follows:

Vg = (Uint + Uout) GeaTea- (2)

A small-signal model of the analog PSR enhancer is shown
in Fig. 5. The error amplifier is modeled by g., and r,, the
effective capacitance between V; and GIN D is modeled by C.,,,
and the capacitance between V;; and V. DD is modeled by C.
The loading effect of the error amplifier, which pulls microamps
of current from Vi, and V, is small relative to those of R
and Ry,,q, and thus can be ignored. By using Kirchhoff’s current

law, the following equations can be derived:

(14 5RignaCloa) = (o) e
vdd — Vot vdd — Vot 3)
Tds1 + Tds3 Tds2
Ve (vdd —vy) gmaTasa | vdd —vine | vdd — Ving
R Tds4 + Tds6 Tds4 + Tds6 Tds5
4)
% (14 5CeqTeq) = (Vout + Vint) Gea + (vdd — vy) sClys.
(5)

Since M [1 : k] are in the saturation region, while Ms[1 : k]
and M;][1 : k] are in the triode region, 744 is much larger than
rqs2 and rg3. Similarly, 7444 1s much larger than 74,5 and r446.
Equations (3)—(5) can be further simplified by arranging the
terms as follows:

14 s/w,
Vout </pl> = vdd (gml +

) — VUg9m1 (6)

Tout Tds2
Vint 1
=wvdd Im4a + — VgGm4 (N
Tint Tds5
1+s/w
p2
Vg (7‘ = (Uout + vint)gea + SCgsvdd (8)
ea
_ _Ricadrds2 . — _Rintrass _ 1
where 7oy = Rlulad+7’dsz > Tint = Riyitrass “P1 T moliCrona
and wyy = (T Notice that w,; is the output pole,

which varies with the load condition, i.e., Rjyaq and Clyaq.
By breaking the feedback loop at v, and setting vdd = 0, the
system loop gain can be derived as follows:
LGint LGout
L+s/wp  (1+s/wp) (1+s/wp2)
o (LGint + LGout)
(1+s/wp1) (1+5/wp2)

LG (s) =

S
I 9
- ( * (1 + LGout/LGint) wm) ( )

where LGing = gmaTintJeaTeq 18 the dc gain of the internal loop,
and LGout = Gm1ToutYeaTeq 18 the dc gain of the output loop. In
steady state, Vout = Ving = Vier, and the following relationship
can be achieved:
Im1 ~ Tds5 ~ Rint ~ Tint
Im4
Thus, LGyt & LGy = LGy, and (11) can be simplified as
follows:

(10)

Tds2 Rload Tout

QLGO (1 + S/ 2wp1)
(T+s/wp1) (1+s/wp2)

In comparison with the loop gain equation of a conventional
analog LDO, (11) has an additional factor of 2(1 + s/2w,1) in
the numerator. Effectively, the internal loop adds an additional

gain of two and a zero w, that tracks the output pole w,; at
twice the frequency, i.e., w,; = 2w,1. The tracking zero w. is

LG (s) = (1)
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a result of the internal loop trying to prevent the output loop
from reacting to load disturbances. Due to this tracking zero,
the analog PSR enhancer with a dominant pole w,2 can be sta-
ble across a wide range of load conditions. For example, when
Rigaq or Cioaq increases, w,; moves to lower frequencies and
approaches w,». The effect of w),; alone would add —90° phase
lag within the frequency span from 0.1w, to 10w, and degrade
the phase margin. Given w,; = 2w, the phase lag would only
have a slight dip of —18.4° at w,; and almost completely re-
cover at 10w, . Mismatch between LG, and LG, affects the
zero frequency. For example, if there is 20% mismatch between
LGixT and LGy, the zero frequency can be either 1.8 or 2.2
times the output pole frequency. Since the zero still tracks the
output pole within half a frequency decade, pole-zero cancel-
lation is still effective to maintain stability. Careful design and
layout are needed to limit the variation less than 20%. It is also
noteworthy that the pole at V; has been neglected to simplify the
analysis. In practice, this pole should be much higher than the
dominant pole w,y at V; to maintain good phase margin. Such
condition is easily achievable since the loading capacitance at
V, due to M [1: N] is much larger than that at V;.

The PSR of the proposed LDO can also be derived by solving
for vyt /vdd from (8)—(10)

1 1
m (gml + @ —

« Tout
1+s/wp )

It is worth noting that (12) looks like the PSR equation of
a conventional analog LDO [17]. One difference is that r;49
would be replaced with r44; for a conventional analog LDO.
The second difference is in LG(s), which has an extra gain of
two and a tracking zero to help improve the PSR at low and
high frequencies. For example, LG(s) increases at frequencies
beyond w; = 2w, which improves PSR.

PSR, = SOgsgmlr(’,a)

14 s/wpo

(12)

C. Effect of Nonlinear Loads

If the load is a current source, it can have a small dc resistance,
Ryoad, and a large ac resistance, r1,,4. The third equality in (10)
may not be satisfied because the output impedance becomes
Tout = % Larger r,, increases LGyt and pushes the
tracking zero away from the output pole w,,1 . However, the effect
is not significant since 7450 < Rjpad < Tload. For example, if
the LDO produces 0.8-V output from 1-V input, Rj,.q would
be 4r4s9. Even if ry,q is infinite, 7, and LGoyt would be
increased by only 25%, and the tracking zero would be at 2.25

times the frequency of w;.

D. Implementation and Simulation

The proposed analog-assisted digital CL-LDO is designed in
a 130-nm CMOS process. The nominal operating voltageis 1V,
and the dropout voltage is 0.2 V. The switching threshold AV is
set at 20 mV; thus, Vier= 800 mV, Vigy = 780 mV, and Vyie1 =
820 mV. The target range of load current is from 1to 50 mA, pro-
vided by 28 power switches, i.e., N = 28 in Fig. 2. The power
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Fig. 6. Frequency response of the internal loop of the analog PSR
enhancer when the output loop is disabled.
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Fig. 7. Frequency response of the output loop of the analog PSR en-

hancer with Cjpaq = 10 pF when the internal loop is disabled.

switches are implemented by PMOS transistors with minimum
channel length and divided into four groups, driven by four
analog PSR enhancer modules. A PSR enhancer module is ac-
tivated when its associated power switches are turned ON by the
digital regulator. If the range of load current is extended, more
power switches together with PSR enhancers can be added. By
scaling the number of PSR enhancers with the number of power
switches, we can keep w)» at a high frequency to maintain large
gain-bandwidth product. Moreover, by activating the PSR en-
hancers accordingly to the load current, high current efficiency
can be maintained at light loads. The static current consumption
of the proposed LDO changes from 160 pA at the lightest load
to 350 A at the heaviest load. Fig. 6 shows the frequency re-
sponse of the internal loop when the output loop is disabled by
tying V5 to Vier. The internal loop is completely stable with
a dominant pole at V,;, which is expected because V;,; is only
loaded by Ryt .

Figs. 7 and 8 show the frequency response of the output
loop when the internal loop is disabled by tying Vi, to Vier.
This frequency response is equivalent to that of a conventional
analog LDO. Due to the relatively high frequency of w2, the
phase margin is very small even when Cl,,q = 10 pFin Fig. 7,
and the output loop is unstable when C),,q = 100 pF in Fig. 8.

Figs. 9-11 show the frequency response of the analog PSR
enhancer with both the internal loop and the output loop enabled,
for Cloaq = 10 pF, 100 pF, and 1 nF. The phase margin is higher
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Fig. 8. Frequency response of the output loop of the analog PSR en-
hancer with C\ooq = 100 pF when the internal loop is disabled.
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Cload = 10 pF when both internal loop and output loop are enabled.
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Fig. 10. Frequency response of the analog PSR enhancer with

Cload = 100 pF when both internal loop and output loop are enabled.

than 50°, which is sufficient to ensure the stability. Fig. 12 shows
the simulated unity gain frequency and phase margin of the ana-
log PSR enhancer when C',,q varies. As Cj,,q increases, the
output pole w,; moves to lower frequencies and decreases the
unity gain frequency. However, because the tracking zero w,;
neutralizes the phase lag effect of w, 1 , the phase margin is main-
tained above 50°, and the analog PSR enhancer is always stable
even when Cj,,q varies from 1 pF to 10 nF. Fig. 13 shows the
simulated PSR of the LDO. Without the analog PSR enhancer,
supply noise is injected to the output through the turned-ON
transistors in the array M [1: N| without any suppression. The
simulated PSR without the analog PSR enhancer is observed
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Fig. 11. Frequency response of the analog PSR enhancer with

Cload = 1 NF when both internal loop and output loop are enabled.
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Fig. 12.  Unity gain frequency and phase margin of the PSR enhancer
when C)oaq varies from 1 pF to 10 nF, which demonstrates the stability
of the proposed design across a wide range of capacitive loads.
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Fig. 13.  Simulated PSR of the CL-LDO with and w/o PSR enhancer.

to be slightly higher than O dB. Transconductance g,,» of the
turned-ON transistors Ms[1 : k] causes supply noise to be ampli-
fied slightly at the output. In the analysis above, g, is ignored
since the effect of ON-resistance ;2 is assumed dominant. The
simulated PSR with proposed CL-LDO is close to —30 dB at
low frequencies and better than —20 dB at 10 MHz.

Ill. EXPERIMENTAL RESULTS

Fig. 14 shows a micrograph of the prototype chip fabricated in
a 130-nm CMOS process, with an area of 0.0645 mm? excluding
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Fig. 15.  Measured current efficiency of the CL-LDO prototype chip
versus load currentat VDD =1V and Voyt = 0.8 V.
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Fig. 16. Measured transient response of the CL-LDO prototype chip to
a load step from 1 to 50 mA with C|paq = 100 pF (on-chip).

pads. On-chip load includes a 100-pF capacitor and a voltage-
controlled current source. Fig. 15 shows the measured current
efficiency, which is higher than 96% when the load current is
above 10 mA and peaks at 99.3%.

Figs. 16 and 17 show the measured load response with Cly.q =
100 pF (on chip) and with an additional off-chip 10-nF capacitor,
respectively, to demonstrate the capability to support a wide

Fig. 17.  Measured transient response of the CL-LDO prototype chip to
a load step from 1 to 50 mA with Cjpag = 10 nF (off-chip).
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Fig. 18. Measured load regulation of the CL-LDO prototype chip.

range of load capacitance. The load current is stepped between 1
and 50 mA by controlling the on-chip voltage-controlled current
source. The scope was set to dc coupling to capture the dc
component of the output voltage. The scale was set to 50 mV/div
to see the small voltage spikes. The offset of the scope was set to
800 mV so that the waveform could be displayed with the scale
of 50 mV/div. The blue arrow with number 1 on the left of the
figures indicates where the 800-mV level is for channel Chl. In
Fig. 16, the mean of the blue waveform (Chl) is displayed as
791.8 mV on the right side. In Fig. 17, it is 796.6 mV. Voltage
overshoots are caused by the response of the digital regulator
as it tries to regulate V5, into the voltage window [Vigw , Viign]-
Fast transient response with low voltage overshoot is observed
in both cases, which demonstrates a stable co-operation of the
digital regulator and the analog PSR enhancer regardless of the
output pole frequency. The transient response time is estimated
to be 150 ps, based on the formula presented in [1]. The settling
time is measured to be 3 us. A faster digital regulator such as
the one in [11] can be used to achieve much faster settling time,
e.g., 60 ns [11]. Large C},.q increases the setting time, but it
reduces the voltage spikes caused by the digital regulator.

The measured load regulation and line regulation are shown
in Figs. 18 and 19, respectively. Unlike conventional analog
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TABLE |
COMPARISON WITH EXISTING LOW-VOLTAGE CAPACITORLESS LDOS
TCAS-1 T%‘ISS'I TPE ESSCIRC ISSCC This Work
2015 [13] [10] 2015 [21] 2016 [11] 2017 [22]
Process (nm) 65 40 130 130 65 130
LDO Type Analog Digital Digital Dig. + Analog | Dig. + Analog | Dig. + Analog
Input Voltage (V) 1.2 0.6 05-1.2 1.1-12 05-1 1
Output Voltage (V) 1 0.4 045-1.14 0.8-1.1 0.45-0.95 0.8
Max Load Current, Iyiax (mA) 10 200 4.6 12 12 50
Controller Current, I (LA) 50-90 25.1 ~751 163.2 >3.2 160 — 350
Peak Current Efficiency (%) n/a 99.99 98.3 98.64 n/a 99.3
[PSR| (dB) @ 10 MHz <20 16 16 12 n/a >20
AV (mV) @ Load Step (mA) 82 @ 10 n/a 40 @ 0.7 240 @ 10.3 105 @ 10 75 @ 49
Response Time, Tr (ns)* 1.15 n/a 0.22 18 > (.862 0.15
Settling Time (ns) > 100 n/a 400 - 1900 32 > 3000 <800
Load Regulation (mV/mA) 1.1 0.07 <10 <2.67 n/a 0.46
Total On-chip Capacitor (nF) 0.14 None n/a 0.5 0.1 0.1
Min/Max Load Capacitor (nF) n/a n/a n/a n/a n/a 0.001 - 10
Active Area (mm?) 0.023 0.0375 0.114 0.0818 0.0338 0.0645
FOML1 (%) n/a n/a 90.8 n/a n/a 96.7
FOM2 (ps) 5.74 n/a 36%** 244.8 0.23 0.48 — 1.05

FOM1 (Efficiency Metric) = Average current efficiency across a 50x current dynamic range. [21]
*Tr = Cout X AV / Imax [1]; FOM2 (Performance Metric) = Tr X Iq / Imax [1]; ** Process normalized value [21].
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Fig. 19. Measured line regulation of the CL-LDO prototype chip.

LDOs, the proposed design does not exhibit a gradual V
variation when the Rj,,q or V' DD changes. Under the control
of the digital regulator, 1, can settle to any values within the
voltage window [View , Viign|, which is 20 mV of V;;. This
explains the random patterns of V,; observed in Figs. 18 and
19. We define that V,,; is correctly regulated when it is between
Viow and Wyien. The load regulation and line regulation could
be improved by using a tighter voltage window [Vigw, Viign],
which would require faster comparators with higher sensitivity.

Fig. 20 shows the measured PSR at three different load cur-
rents, i.e., 1, 25, and 50 mA, with C},,q = 100 pF. The PSR
is observed to be better than —20 dB for frequencies up to
10 MHz. Table I summarizes the performance of the proposed
analog-assisted digital CL-LDO in comparison with existing
low-voltage CL-LDOs, including digital type, analog type, and
hybrids. The proposed design has the best PSR at 10 MHz
among digital LDOs with or without analog assistance, and su-
perior average current efficiency (FOM1) of 96.7% across a 50x
load range. Simulation and measurement both demonstrate the
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Fig.20. Measured PSR of the CL-LDO prototype chip at three different

load currents with on-chip Cjpag = 100 pF.

ability to support a very wide range (up to four decades) of load
capacitance. Theoretically, the range of load capacitance is only
limited by the stability of the digital regulator, and according to
simulation, the proposed design is still stable at Cjooq = 1 uF,
which is beyond any practical load conditions of a CL-LDO.
Compared to the hybrid CL-LDO in [11], which uses the same
process node, the analog part of the proposed design can operate
at a lower supply voltage while delivering much better PSR over
a larger frequency range. It is also noteworthy that the proposed
design is 5.3 times smaller in area per load current than the
design in [9].

IV. CONCLUSION

In this paper, an analog-assisted digital CL-LDO was pre-
sented with the capability to operate at low voltage, deliver good
PSR for frequencies up to 10 MHz, and maintain robust stabil-
ity across an extremely large range of load conditions. Such
performance is achieved by separating load regulation and PSR
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function into digital control and analog control, respectively.
The analog control does not respond to load changes, and thus
the load-dependent output pole does not cause instability issue.
This characteristic enables the design of an analog feedback
loop with large GBW to improve PSR at high frequencies. Load
regulation is performed by an asynchronous digital feedback
controller for fast response to load changes. The combination
of digital control and analog control enables good PSR at high
frequencies over a wide range of load conditions.
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