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Abstract

A 1.7V 100mA capacitor-less CMOS low-dropout (LDO) regulator
for system-on-chip applications which can both reduce board space
and external pins is presented. By using a combination of fast transient
improvement and frequency compensation method, the proposed LDO
regulator provides a fast transient response, as well as good stability
during the whole variation of load current. The proposed LDO
regulator has been implemented in a 0.18um CMOS process, and

the active chip area is 0.15mm?. The voltage derivation is less than
30mV for the load current change between 0 and 100mA. The dropout
voltage is about 300mV at 100mA load current.
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1. Introduction

Power management is a very important issue in portable electronic
applications. Although linear regulators have a better transient response
and less noise than the switching regulators, they are relatively inefficient. So
the low-dropout regulators (LDOs) which are able to provide effective
stabilization of the output voltage even when the difference between input
and output voltage is less than 0.3V, are used more and more in electric
equipments especially in communication systems.

The LDO regulators usually use a large-size PMOS transistor as the
power transistor to drive high load current while achieving low dropout
voltage. If we use a large off-chip load capacitor, then the large gate
capacitance of the PMOS power transistor creates a low-frequency non-
dominant pole while the large off-chip load capacitor generates the low-
frequency dominant pole. So the uncompensated LDO regulator is unstable.
The conventional compensation techniques usually use the zero generated by
the load capacitor and its equivalent series resistance (ESR) to achieve the
frequency compensation. So it has a narrow bandwidth and requires a huge
load capacitor and ESR. Furthermore, we should carefully choose the value
of the load capacitor and its ESR to ensure the stability of the LDO regulator,
otherwise the LDO regulator will oscillate when the zero locates at too low
(e.g., beyond the dominant pole) or too high frequency (e.g., far behind the
unity-gain frequency). Different approaches have been reported to achieve
the frequency compensation [1-5]. The simple and effective approach is
adding a voltage buffer between the error amplifier and the power transistor.
For example, in [1], an emitter-follower has been adopted as a voltage buffer
to drive the PMOS power transistor. The low output resistance of the emitter-
follower allows the pole at the gate of the power transistor to be moved to
higher frequency. The work in [2] proposed an LDO regulator which uses a
current feedback amplifier to achieve the fast transient response and high
slew rate. The work in [3] proposed a current buffer with dynamically-biased
shunt feedback which only dissipates low quiescent current at no-load
condition. The method can greatly improve the efficiency of the LDO
regulator when the load current is low, while it can achieve the frequency
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compensation and good transient response. The work in [4] proposed another
frequency compensation method which generated the low-frequency zero
with a voltage-controlled current source instead of using the huge load
capacitor and its ESR.

Traditional off-chip LDO regulator needs an up-to-uF output capacitor
which will occupy huge area in the present integrated circuit process, so it is
hard to meet the demands of system-on-chip (SoC) solutions. On-chip and
local LDO regulators are utilized to power up sub-blocks of a system
individually, so this can significantly reduce crosstalk and improve the
voltage regulation. In addition, SoC designs with on-chip and local LDO
regulators can reduce both board space and external pins significantly. In [5],
a high slew-rate amplifier with push-pull output stage is proposed to enable
an ultra-low quiescent current LDO regulator with improved transient
response. The proposed amplifier helps to improve stability of LDO
regulator without using any on-chip compensation capacitors. The work in
[6] proposed an LDO regulator which can improve the transient response

using a current sensing capacitor and a current amplifier as a differentiator.

In this paper, we introduce a discharge current path and a charge current
path into the LDO regulator, which can both greatly improve the transient
response of the LDO regulator and achieve the frequency compensation.
With the proposed compensation method, the transient response performance

of the LDO regulator can be greatly improved.
2. Stability and Transient Analysis of Capacitor-less LDO Regulator

2.1. Stability analysis of conventional LDO regulator

The structure of a classical CMOS LDO regulator shown in Figure 1 is
composed of an error amplifier, a PMOS power transistor, a feedback-

resistors network, a voltage reference and a load capacitor C; with ESR,

Rggsg. Generally, the feedback resistors Ry and Ry are much higher than

the resistor R;. There are two poles and one zero in the LDO regulator:
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Here C, is the gate capacitance of the power transistor M pr, and R is

the output resistance of the error amplifier. The conventional frequency
compensation techniques usually use the zero generated by the load capacitor
and its ESR. So it has a narrow bandwidth and requires a huge load capacitor
and ESR. Furthermore, if the ESR is too large or too small, then the LDO
regulator will be unstable.
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Figure 1. (a) Circuit topology of the conventional LDO regulator and (b)
frequency compensation scheme for it.

2.2. Stability analysis of capacitor-less LDO regulator

Compared with the conventional LDO regulator, the capacitor-less LDO
regulator does not use the large load capacitor. So we cannot use the zero
generated by the large load capacitor and its ESR to compensate the LDO
regulator. There are two poles of the LDO regulator which locate at the
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output of the error amplifier and the LDO regulator output. Figure 2 shows
the structure and the small-signal scheme of the capacitor-less LDO

regulator. The poles A and P can be expressed as:

1
Rl(Ca + CGS + ApassCGD) ’

B = “4)

_ 1
B = R TR o + RAVIR 2

As the power transistor M pp is very large in order to drive large load
current, its gate-source and gate-drain capacitances, Cgg and Cgp, are
extremely large, in the range of tens of picofarads. Cgpp also forms a Miller

capacitor which increases the effective input capacitance of the power

transistor M py by its voltage gain A upto a few hundreds of picofarads.

pass
Thus, the output pole of the error amplifier A locates at low frequency of

typically a few kilohertz. The voltage gain 4 changes with varying load

pass
current. A is therefore load dependent, but less sensitive than the pole 5.
The second pole P, is located at the LDO regulator’s output as shown in
Figure 2(b) and is directly proportional to the load current. When the load
current increases, the output resistance decreases and the pole P, moves to
higher frequency. So the capacitor-less LDO regulator is usually stable
when the load current is high. At low currents, the effective load resistance
increases significantly. P is then pushed to lower frequency in close
proximity to the pole F. Stability cannot be guaranteed due to the decreased

phase margin. The uncompensated capacitor-less LDO regulator is not stable

at low currents, especially at the no-load condition.



40 B. Wang, T. Matsuoka, H. Wang, Y. Dai, J. Wang and I. Jo

Frequency (Hz)
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Figure 2. (a) Circuit topology of uncompensated capacitor-less LDO
regulator, (b) its small-signal equivalent circuit and (c) frequency
compensation scheme for it.

The Miller compensation method [6], which is shown in Figure 3, is the
most direct and effective capacitor-less LDO regulator compensation

method. After adding the frequency compensation capacitor and resistor C,,

and R., the pole P, can be re-expressed as:

Emp
P =- . (6)
T O
A zero is generated as follows:
Z = L. (7)

(1 - gmpRc)Cm
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Based on the above analysis, the compensated capacitor-less LDO regulator
is more stable when the load current increases, which is opposite with the
conventional LDO regulators.

ref

" out

- Cnr
R”%

Figure 3. Miller-compensated capacitor-less LDO.
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2.3. Transient analysis of conventional LDO regulator

In general, conventional LDO regulators in Figure 1 use the large
external capacitor to improve the transient load regulation [2]. The output
capacitor stores potential energy equivalent to the output voltage. Thus, the
change in output voltage is inversely proportional to the output capacitance.
The output voltage ripple for a given load transient is reduced by increasing
the output capacitance. This relationship becomes much more apparent when
the load transients are much faster than the gain-bandwidth product, which is

usually the case.

When the load current significantly increases from zero upto /44 max-
the power transistor cannot respond immediately, so the load will sink
current from the large external capacitor. The maximum of output transient
voltage AV, max 18 given by

t

1 load , max

AVout,max ~ CL £ + AVESR, (8)
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1 C,AV
P = + pP__P s (9)
BWCZ Isr

t

where BW,; is the closed-loop bandwidth of the system, AV, is the voltage
variation at the power transistor’s gate capacitance C,, [, is the output
slew-rate current of the error amplifier, and AVisr ~ Resplipad, max- When
Cp =47uF, C, =20pF, AV, =1V, I, =20uA, Ijy44 max =100mA,

the transition time is lus, and BW,; and AVggp are negligible, AV, 4 18

estimated to about 20mV. However, when the external capacitor is reduced
by several orders of magnitude, the transient response is greatly affected. If
C; = InF, then the output of the capacitor-less LDO regulator changes about
200V! A large output capacitor and large closed-loop bandwidth improve the
load regulation. Conventional LDO regulators inherently have large output
capacitors and therefore will have better load regulation versus capacitor-less
LDO regulators. So a transient-improvement circuit must be studied in the
capacitor-less LDO regulator.

2.4. Transient analysis of capacitor-less LDO regulator

The power transistor comprises the most important element in the LDO
regulator transient response. It supplies current to the load impedance to
develop the desired output voltage. The extremely large effective gate
capacitance contributes the most devastating propagation delay owing to its
slewing. The power transistor can only supply the desired current to the load

when the gate voltage ¥ reaches steady-state after some time delay 7,,. The

speed of the capacitor-less LDO regulator is mainly determined by the power

transistor propagation delay ¢,, and the gain-bandwidth product of the error

p?
amplifier loop. As shown in Figure 4, when the load current significantly

increases from OmA to /; .4y in lus, the power transistor cannot respond

immediately and essentially acts as a constant current source. At this time,

the output voltage change only affects the drain-source voltage Vpg of the

power transistor, while the gate-source voltage Vg of the power transistor
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still keeps unchanged. So the transient response can be improved greatly

only if the output voltage changes can be sensed and the Vg of the power

transistor can be controlled accordingly as soon as possible.

Y pp .
Vop

Powertransistor's Current
(Hardly Responding)

ot

. i . Discharging
C mr LMAX I
% i @ N Current _f

{paax

(a) (b)

Figure 4. (a) Transient response of the capacitor-less LDO regulator when
the load current rises from OmA to 100mA and (b) its simple model.

The capacitor-less LDO regulator output voltage sags due to the slow
response of the control circuit and the power transistor gate capacitance. The

ideal sensing network would relay the output voltage information to the V;
to change Vg without consuming any power or changing the DC operating

points of the power transistor. A differentiator sensing network realizes such
a function. A basic capacitor differentiator shown in Figure 5(a) has the

following characteristics:

. d
Ie = Cc E(Vl - V2)~ (10)

When one end of the differentiator capacitor is attached to the output voltage
node and the other end is attached to the power transistor gate, the output
voltage change would induce a gate current proportional to the output voltage
change. So the simplest way of capacitor coupling is formed as shown in
Figure 5(b), and at the same time, the Miller compensation is formed from

the perspective of frequency compensation.
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Vpp

VWA

. Ry
= Cmnr

(a) (b)

Figure 5. (a) Basic capacitive differentiator and (b) simplest way of coupling.

However, it is not the best way to improve the transient response. When
the load current changes from OmA to 100mA, the output voltage drops
through the power transistor gate voltage change. At the same time, the
sensing role of the differentiator capacitor based on equation (10) declines
as the voltage across it reduces. In order to enhance the sensing role of

the differentiator capacitor C, must be far greater than the gate-drain
capacitance Cgp of the power transistor so that the kind of coupling can

play a fast pathway. On the other hand, from the perspective of frequency

compensation, the differentiator capacitor C,. decreases the frequency of the

right-half-plane zero as follows:

Emp

azc@+q‘

an
This results in loop stability degradation. Based on the above analysis, the
coupling circuit must be designed to pass only the sensed output signal to the
power transistor gate, while also to shield the influence of power transistor
gate signal on the LDO regulator output. So a unilateral transient
compensation path from the LDO regulator’s output to the power transistor
gate is required and the minimum delay must be ensured.
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In the work in [6], a fast pathway is added to pass the LDO regulator’s
output change to the power transistor gate, as shown in Figure 6. It uses a

capacitor C, to sense the output voltage transients and the OTA as a

unilateral coupling circuit. In this circuit, the current signal through the

sensing capacitance C is converted to voltage signal by a transimpedance

amplifier, and then the voltage signal can be inputted to the OTA, which
inadvertently increases the response time of the transient compensation path.

Figure 6. The way of transient response improvement proposed in the
literature [6].

3. Proposed Transient Compensation and Frequency Compensation

The paper aims to improve transient response of the capacitor-less LDO
regulator by establishing a new fast transient response path which completes
the frequency compensation purposes at the same time. As shown in Figure
7, this paper uses a transient improving path for load current rising from

OmA to 100mA. One end of the sensing capacitance C,; is connected to the

end of the LDO regulator output, the other end is connected to the source of a
common-gate connected MOS transistor (Mf). As the source of Mf'is an input
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node with a very low impedance, the current signal from the sensing
capacitor C,; can be entirely passed to the power transistor gate, while the
feed-forward path from the gate to the output of LDO regulator is not
formed. The sensing capacitor C, samples the decrease in the output
voltage of LDO regulator, and then the source voltage of Mf decreases,
resulting in a large instantaneous discharge current to the power transistor
gate through Mf. This unilateral feedback path has very small total delay.

Charging Path  Discharging Path

v Voo
ref 15 v, I
b

+ -It Mec1 ! Mor

_| H Coy _
MF y
Mb Rz Conr

GND 'T:T
(a)

Discharging Path

\ 2 h o h IEGB )
Ver — + -Ir- Mc1 o
.—I { C ce I“_.
MF

'
Mb Vo
v ir
h Mc?r__ﬁl-l I:1Mc3
(b) ()

Figure 7. (a) The structure of the proposed capacitor-less LDO regulator,
(b) the proposed discharging and (c¢) charging paths in it.
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In order to further increase the transient current, a negative feedback is
used in this paper, as shown in Figure 7(b). When the sensing capacitor C,
samples the decrease in output voltage, the MOS transistor Mb increases the
gate voltage of Mf, enhancing an instantaneous discharging current to the
power transistor gate. On the other hand, negative feedback increases the
effective transconductance of Mf, reducing equivalent input impedance of the

node ¥y, thereby speeding up the transient response.

When the load current decreases from 100mA to OmA, the output voltage
rises, the sensing capacitor C,.; increases the source voltage of Myf, the
negative feedback decreases the gate voltage of Mf, and then Mf becomes
off-state. At this time, the bias current /; charges the gate capacitor of the
power transistor. In order to further increase the transient charging current,
this paper designs a charging current path as shown in Figure 7(c): the
current signal from the sensing capacitor C,., reflects the rise of the output
voltage, and the current signal is amplified by the current mirror [7],
resulting in a larger instantaneous charging current to the power transistor

gate and thereby speeding up the transient response.

From the perspective of frequency compensation, the small-signal

analysis of the proposed discharging and charging path is shown in Figure

7(b), (©).

sC.HR
Vee = ﬁVout’ (12)
¢
Lo = gmf(ng - ng) = _Gmfng > (13)
SC.r g1 K R
Ieer = SCCZRI(Vout - Vgc)gmcch = MVOMW (14)

1+ SCCQRI

Here G = (L+ 2pRp)Cmrs Ko = Sme3/Emeas Ri is the equivalent
output resistance of the op-amp, R;, is the equivalent output resistance of the

common-source amplifier with the transistor Mb and the current source 1,
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and gc15 &me2> &me3» &mp and g, are the transconductances of Mcl,

Mc2, Mc3, Mf and Mb, respectively. At the same time, equation (15) is

obtained

Ieer = Sccl(ng - Vout) (15)

with equations (13) and (15), /.. is given by

__ sCa
ng = Gmb T SCcl Vout’ (16)
sC .G
Iccl == b (17)

Gmﬂ? + SCcl out:

With equations (13) and (17), the simple small-signal equivalent circuit
of the proposed capacitor-less LDO regulator is shown in Figure 8(a), where
&pmp 18 the transconductance of the power transistor, R, is the equivalent
resistance of output node, Cjyr is the equivalent output capacitor of the
proposed LDO regulator, R, is the equivalent output resistance of the

common-source amplifier with the transistor Mc3 and the current source

I, I;, is the output current of the op-amp output. With Norton-equivalent-

current-equation, equations (18) and (19) are obtained

y

R_é; + SCGD(Vg - Vout) Lot = Lecr = EmariKelin, (18)

v,

Routt + SCINTVout - SCGD(Vg - Vout) =1oe — gmpVg' (19)
ou

Thus, the transfer function is given by:

(1 L 5Ca J(l +5CoRy)
Gt

l+As+Bs2+Cs3+Ds4,

v, sC,
;ut = _gmpgmcchRlR2Rout (1 - GDJ
in Emp

(20)

A= gmpRZRout(Ccl + CCngcchRl)a (21)
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K
B = gmpRlRZRoutCCICCZ 1+ Emel ~c > (22)
Gmfb

¢ ~ SmpRiRaRouCopCaCer
Gy

~ 0, (23)

< BiR R CopCinTCerCer

D
G

~0, (24)

where Csp < C,p, C.p. So the two poles and three zeros are given by:

1

! gmpR2R0ut(Ccl + Ce2&mer KRy )
1+ Emcl K RiCep
1 1 C.
p=t oo o (26)
2 BPI RICCZ 1+ gmcch
Gmfb
1
Zy =, (27)
! Ceaky
Gmfb
Ly = —— 2
=2, (28)
Emp
7y = —. 29)
37 Cop

From equations (25)-(29), with multiplied capacitance and Miller

compensation, A and P, are effectively split, P, are far away from £,
and the effect of P can be cancelled by Z; locating near P when
Gy > gmerKe and Cop > g1 K RICpy. Considering the effect of

Cgp, the right-half-plane zero Z3 appears far away from these poles and

zeros. Figure 8(b) shows the poles and zeros of the proposed capacitor-less
LDO regulator.
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Figure 8. (a) Small-signal equivalent circuit and (b) its poles and zeros of the
proposed capacitor-less LDO regulator.

By using a combination of fast transient compensation and frequency
compensation, the proposed LDO regulator provides a fast transient
response, as well as good stability during the whole variation of load current.

4. Circuit Design and Experimental Results

The proposed LDO regulator is designed and fabricated in a 0.18um
CMOS process. Figure 9 shows the complete schematic of the proposed

LDO regulator. Ry is connected in series to C.p for additional zero

cancellation. Note that Mc1, Mc2 and Mc3 in Figure 9 realize the additional
gain-stage with Miller capacitor C,.,. C; is also connected in parallel to Mb
for more stable frequency response. The simulated results of the loop gain of
the designed LDO regulator show that the phase margin is better than 70° for
all cases, as shown in Figure 10.
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Figure 9. Schematic of the designed capacitor-less LDO regulator.
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Figure 10. AC simulation results of loop gain of the designed capacitor-less
LDO regulator (Vpp = 2.6V, C; = 100pF).

The micrograph of the fabricated LDO regulator is shown in Figure 11

and the core area occupation is 0.15mm?> including the bandgap reference
circuitry. From the experimental results, we can see that the proposed LDO
regulator keeps good stability without using any load capacitors.
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R TRUITIT

Figure 11. Micrograph of the fabricated capacitor-less LDO regulator.

The measured supply current of the proposed LDO regulator (/) is

54uA at 2.6V supply at room temperature, in which about 10uA is estimated
to be consumed by the bandgap reference circuit. The input voltage range of
the LDO regulator is design from 1.7V to 3V and the LDO regulator can
deliver up to 100mA with a dropout voltage of 300mV.

Figure 12 shows the measured PSRR response of the proposed LDO
regulator at different load currents. The PSRR at 10kHz are about —36dB,
—35dB and —29dB at 1mA, 10mA and 100mA load currents, respectively. As
seen from the results, the proposed LDO regulator attains about —20dB PSRR
up to 100kHz. The equivalent output noise was measured for different load

currents, as shown in Figure 13. The worst case spot noise at 10kHz was

roughly 1.0uV/~Hz and was mainly due to 1//noise.
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Figure 12. Measured PSRR response of the fabricated capacitor-less LDO
regulator (Vpp = 2.6V).
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Figure 13. Measured equivalent output noise of the fabricated capacitor-less
LDO regulator (Vpp = 2.6V).

Figure 14 shows the measured line regulation at different load currents
(e.g., ImA, 10mA and 100mA). The measured line regulation is 7.5mV/V at
ImA load current and 4.3mV/V at 100mA load current. The load regulation
at 2.6V supply is measured to be about 330uV/mA.

Figure 15 shows the load transient response of the proposed LDO
regulator, where DC-cut output voltage waveform is used. The load current is
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switched between OmA and 100mA within 10us. Thanks to both the charge
and discharge paths to improve the transient response, the fabricated LDO
regulator can respond quickly accurately even under this large load transient
situation. The LDO regulator can recover the output voltage within 15us for
this large load current change and the voltage derivation is less than 30mV,

which includes output under/overshoots and load regulation variations.
2
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Figure 14. Measured line regulation of the fabricated capacitor-less LDO

regulator.
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Figure 15. Load transient response of the fabricated capacitor-less LDO

regulator (load current frequency: SkHz, Vpp = 2.6V).
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Table 1 shows a performance comparison of some previously reported
LDO regulators with the proposed one. It is noted that the proposed LDO
regulator has comparatively small load transient deviations and response
time, attributed to the charge and discharge paths in the circuit.

Table 1. Performance comparison of some previously reported LDO
regulators with the proposed one

[6] [7] [8] This work

Technology (um) 0.35 0.35 0.6 0.18
Tioad, max (MA) 50 150 100 100
Vour (V) 2.8 1.8 1.3 1.7
Virop (mV) 200 200 200 300
I, (nA) 65 27 38 54
C;y (F) 100p Im 0 0
Area (mm?) 0.12 | 0409 | 0.307 0.15
AV,,; (mV) (full load transient) | <90 <70 <150 <30
Settling time (us) =15 =5 =2 =15
PSRR@1kHz (dB) =57 —40 <—60 -33
Loop gain (dB) 55-62 | 58-87 | 90-110 | 110-125

5. Conclusion

In this paper, an LDO regulator based on the proposed fast discharge and
charge current paths has been presented. The proposed topology cannot only
improve the transient response but also achieve the frequency compensation.
The experimental results show that the recovery time of the LDO regulator is
less than 15us and the variation voltage is less than 30mV when the load
current changes between ImA and 100mA. The line and the load regulations
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are 4.3mV/V at 100mA load current and 330uV/mA at 2.6V supply. The
reduced board real estate, pin count, and good transient response will greatly
benefit the SoC designs.
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