FVF-Based Low-Dropout Voltage Regulator with Fast

Charging/Discharging Paths for Fast Line and Load Regulation
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A new internally compensated low drop-out voltage
regulator based on the cascoded flipped voltage follower is
presented in this paper. Adaptive biasing current and fast
charging/discharging paths have been added to rapidly
charge and discharge the parasitic capacitance of the pass
transistor gate, thus improving the transient response. The
proposed regulator was designed with standard 65-nm
CMOS technology. Measurements show load and line
regulations of 433.80 nV/mA and 5.61 mV/V, respectively.
Furthermore, the output voltage spikes are kept under
76 mV for 0.1 mA to 100 mA load variations and 0.9 V to
1.2 V line variations with rise and fall times of 1 ps. The
total current consumption is 17.88 pA (for a 0.9 V supply
voltage).
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1. Introduction

The system-on-chip (SoC) paradigm, motivated by a high
demand in the industrial and multimedia markets for portable
and battery-powered devices, has raised significant challenges
in analog design. SoCs integrate a large number of electronic
components into a single chip, thus reducing the number of
interconnections, total power consumption, silicon area, and
consequently, the total cost of the system. This approach
implies that digital, analog, and RF circuits must coexist in the
same die, although they have different supply requirements
(concerning noise, voltage, and maximum current). Therefore,
powering the different blocks of a SoC from a single battery
requires the conversion and adaption of the supply signal.

This makes power management one of the major issues in
SoC design. Internally compensated low drop-out (LDO)
voltage regulators have proven to be essential blocks because
they generate an accurate regulated voltage with high
efficiency under large variations in load current and input
voltage without the addition of external components.

Several techniques [1]-{7] have been proposed to improve
the transient response of internally compensated LDO
regulators at the cost of increasing their quiescent power
consumption or degrading the rest of their performance (load
and line regulations and the power supply ripple rejection ratio
[PSRR]). Many of the techniques in these references use the
classical LDO topology. However, Carvajal and others [8] and
Ramirez-Angulo and others [9] chose the flipped voltage
follower (FVF) cell as an alternative topology. This cell, shown
in Fig. 1(a), offers simplicity in addition to low output
impedance and good performance acting as a current buffer,
which makes it a highly efficient LDO regulator. In addition,
according to [10], FVF-based LDOs are more power efficient
than the classical LDO topology for similar transient
performance. However, despite this enhancement in efficiency,
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Fig. 1. (a) FVF cell configuration and (b) CAFVF cell.

the transient response of FVF-based LDOs still needs to be
improved to reduce voltage spikes at the output node under the
constraint of low quiescent power consumption.

Currently, many schemes to improve the load regulation and
transient response of this structure can be found in the literature
[111H19]. In [11], Man and others take advantage of FVF
properties to implement a simple LDO regulator for different
values of the output capacitor, equivalent series resistance, and
load current. However, this provides a low open-loop gain, and
therefore, a high quiescent power consumption is necessary
to achieve the required gain to provide a reasonable load
regulation. Blakiewicz and others [12] show some
improvement by cascading the /gas 41 current source with an
additional transistor in order to obtain a higher equivalent
resistance at the “GATE node,” as shown in Fig. 1(a). This
arrangement increases the open-loop gain. In addition, a
capacitive coupling of Voyur to the source of the cascode
transistor is introduced to increase the current that discharges
the parasitic capacitance at the gate of the pass transistor Mpass
(Cpass)- However, a higher minimum input voltage and a large
on-chip capacitor are required to properly operate this LDO
regulator.

Further improvements regarding the open-loop gain have
been achieved using a cascode flipped voltage follower
(CAFVF) cell [13]H16]. As shown in Fig. 1(b), the CAFVF
cell consists of two common-gate amplifiers implemented as
M, and M;. In [13], a regulator with fast load regulation is
proposed, where the output node is driven by multiple in-
parallel CAFVF-based buffers. In order to maintain output
voltage peaks under 10% of their nominal value for a 0 mA
to 100 mA load current change, a large on-chip decoupling
capacitor is required, which leads to a large silicon area. In [14]
and [15], the transient response is improved by using RC
couplings, which sense the output variations and change the
Ipias g and Igas g values accordingly. Nevertheless, these RC
couplings do not react to line voltage variations, which could
produce large voltage spikes at the output. An alternative way
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to implement a dynamic biasing circuit is presented in [16],
where RC coupling is substituted with a digital circuit
to increase the charging/discharging current of Cpass. This
technique speeds up the transient response, allowing a
reduction in the area consumed by the passive components
required for load voltage regulation. However, no information
is provided in [16] regarding the performance of that structure
under large line voltage variations.

Another technique proposed to improve the transient
response of FVF-based LDOs is presented in [17]-{19]. A
noninverting gain stage is inserted to drive the gate of the pass
transistor, enhancing the slew rate (SR) and the open-loop gain.
In [17], a gain-enhanced CAFVF-based LDO is presented.
However, despite the increase in the open-loop gain, the circuit
is only stable for a minimum output current of 3 mA, and the
line transient response has a long settling time. Tan and others
[18] additionally use a dual-summed Miller compensation to
stabilize the regulator for a minimum load current of 0 mA. In
[19], a buffered FVF with a triple-path input error amplifier
(EA) is used to improve the PSRR. However, the maximum
load current is limited to 10 mA, and a high quiescent
consumption is required. From [17]-19], it can be concluded
that inserting a gain stage in the feedback loop of an FVF
enhances the load regulation, but a careful study of the
frequency response is required because the classical Miller
compensation is not applicable.

In this paper, a low-power LDO regulator based on the
CAFVF is proposed. This regulator exhibits a good transient
response for extreme load and line variations.

The rest of this paper is organized as follows: Section II
describes the structure and principle of operation of the
proposed LDO regulator. In Section III, frequency response
and stability issues are discussed. The measurements of the
proposed LDO regulator are provided in Section IV. Finally, in
Section V, some conclusions are drawn.

II. Structure and Principle of Operation

The core of the proposed LDO regulator is the CAFVF cell,
as shown in Fig. 1(b). In particular, Mpass is the pass transistor,
which is responsible for providing the current to the load. In the
same figure, M, is a common gate amplifier acting as an EA:
it compares the output of the LDO with a reference voltage
VsG an, which is connected to its gate (1), and couples the
variations of Voyr, amplified by its gain, to “node A,” as shown
in Fig. 1(b). Finally, A is a second common gate amplifier,
which increases the open-loop gain. In this structure, Cpags is
charged or discharged by adjusting the gate voltage of Mpass,
the “GATE node” in Fig. 1(b), to the required value that sets
Vour to its nominal value. This is achieved owing to the
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Fig. 2. Example of signal evolution for /i pnp variation for
internally compensated Low Dropout voltage regulator
under Slew-Rate constraints.

folded cascode amplifier formed by M,, M;, and the current
sources Ipias 1 (the active load) and Igias s (the current source
used for folding).

Veer = Vour — VSG,MZ' )]

The CAFVF structure has its transient response limited by
Ipiasp1 and Igias go. In order to tackle this limitation, a thorough
study on the transient response of an LDO regulator is needed.
Indeed, it can be demonstrated that the SR at the gate of the
pass transistor limits the settling time [20]. This is because
the EA is responsible for charging and discharging Cpass, and
consequently, for decreasing or increasing the pass transistor
gate voltage. In conclusion, if its SR is not high enough, the
error at the output voltage will persist for a long settling time.
Figure 2 depicts an example of such a situation for a case
where the load current abruptly changes from 7 oapmin to

I LOAD,max-

1. Proposed Architecture with Fast Settling Schemes

In order to compensate for the poor settling time of the
CAFVF under low-power constraints, this paper proposes an
alternative version of this cell that enhances the transient
response for both load and line variations without negative
effects on the quiescent power consumption or the stability
of the circuit. Figure 3 depicts the complete scheme of the
proposed LDO, where the gain of the regulation loop is
increased by means of the gain-boosting amplifier 4, [21]
without degrading the speed of the circuit. In order to avoid
instability, this auxiliary amplifier was designed according to
the method explained in [22]. A compensation capacitor for 4,
is not required because the parasitic gate-source capacitance is
large enough and is approximately constant.
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In addition, the line and load transient responses were
improved by dynamically increasing the currents responsible
for charging/discharging Cpass. In particular, Igjasp was
replaced by a charge-fast settling path (C-FSP) that is formed
by a dynamic current source that increases the charging current
of Cpass when the input or output voltage increases. This block
was implemented by transistors M; to M), and the gain-
boosting amplifier A;. For A;, the design considerations were
similar to those used for 4y. As mentioned in Section II, when
the voltage Wy rises, Vour instantaneously tends to grow. Thus,
Viare must be rapidly increased to recover the nominal value
of the output voltage. To this end, a high transient current
Igiasp 1s provided by means of RC coupling (R,—C)) to
increase the positive SR (SR+) at the gate of Mpass. Moreover,
the output voltage is also coupled (through C,) to magnify this
effect because magnitudes 'y and Voyr tend to exhibit similar
behavior.

A symmetrical discharge-fast settling path (D-FSP) was
included to dynamically increase the discharging current of
Cpass When the input or output voltages decrease. Note that,
in this case, an additional inverting amplifier (4,) is required.
This is implemented with a simple, low-power differential
pair.

In order to reduce static power consumption, 4, is biased in
the subthreshold region and M;g is biased in the edge from
saturation to the linear region. When ¥y or Vour decreases, the
current through transistor Msg rapidly increases owing to a
change in its operating region from saturation to the linear
region, as described in [23]. This effect, as well as the effect of
the multiplying factor K = 1:5.5 of the current mirror (which is
composed of Ms; through Msg [W/L = 20 um/0.12 um] and
Mg through My [W/L = 110 pm/0.12 um]), generate a high
transient current in the Vgarg branch, and consequently produce
a large negative SR (SR—) at the gate of Mpags. Figures 4 and 5
depict the large transient charging and discharging currents that
enhance the SR. In these figures, /s = Iias 1 — Ip, and I is the
total current that flows through M; and My,.

Finally, in order to reduce the overshoot when the load
current is switched from a heavy load to a light load, capacitor
G, resistor R,, and transistor M, are added. Note that under
steady state conditions, M, is in the cut-off region, but when
I oap decreases, R, and C; (Table 1) sense the voltage spikes
from Va (Fig. 3) and couple them to the gate of M, This
momentarily increases the discharging current. As a
consequence, the magnitude of the overshoot is reduced, and
the transient response is enhanced.

In order to achieve an effective overshoot reduction,
transistor M, is sized to sink enough current and maintain the
overshoot under 10% of the nominal output voltage value
without degrading the total area of the proposed LDO.
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Table 1. Selected values used for RC couplings.

Device Value Device Value
R 100 (k€2) G 1.25 (pF)
R> 335 (k) G 5 (pF)
Rs 100 (k) on 0.125 (pF)
(o] 0.125 (pF) Cs 1.25 (pF)

Table 2. Multiplying factors and aspect ratios for transistors in biasing

circuit.
. Aspect ratio .
Transistor . Currentratio | Value
(width (um)/length (um))
My ven 0.14/1.39 My 4
Mpiycp 0.12/1.49 No 4
Mpy — Mz, 0.14/0.12 N/A N/A
Mpp1 — Mpp 0.30/0.12 N/A N/A
i V[N

IBIAS]N("

Mpivep Mo Mpp

§
LT
I

Ver Mppy

My Mpp,

M’\’Z,VCN

N() -MENI

Fig. 6. Cascode and Va5 voltage biasing circuits.

According to this trade-off, the aspect ratio of transistor M, is
300 um/0.06 pm.

Note that the resistor values (R; to R;) were chosen to move
the RC coupling effects toward a high frequency. For these
values of the resistors, capacitors C; to Cs are calculated to
achieve the appropriate increment of Vgarg (2) in order to
provide the required current. Table 1 lists the values of these
components.

C:_ﬂh{l_w}, ¥))

At AV

Biasing voltages are generated by the circuit shown in
Fig. 6. Each branch is formed by transistors in a single-diode
connection (Mpycp and Mpyycp o My on and My, for
PMOS and NMOS versions, respectively), and by a cascode
current source (Mpp; or Mpy,). Specifically, the aspect ratios of
Mpivcp or Myiven, Which operate in the triode region, are
chosen to be lower than those of Mp, vcp or My, ven in order to
create the required gate voltage to supply the cascode transistor.
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Vaias in Fig. 3 is an external source. The current consumption
of the biasing circuitry is 3.6 pA, as Igasne 1S chosen to be
100 nA. Table 2 lists the sizes of the transistors and the current
ratios for the circuit in Fig. 6.

III. Stability Analysis

In this section, the stability analysis of the proposed LDO is
studied. The major concern for stability in the case of internally
compensated LDOs is in their load current variations. Small-
signal parameters are significantly modified, and this affects the
locations of poles and zeros. This is not the case for line voltage
variations.

A simplified small-signal model of the proposed structure is
depicted in Fig. 7, where g,,; and r,,; are the transconductance
and output resistance of transistor M, respectively. Note that
the poles and zeros derived from the RC couplings are
neglected because they are located at a very high frequency.

2 3 4 5 6
I+a,s+a,s”+a,s” +a,s" +as” +ags

H(s)= ,(3
(5)=Aor 1+b,s+b,s” +b,s’ +b,s* +bs’ +bs® +b,s’ ©)
AOL = gm2gmpRL I ropRout,D— FSP> @)

1
wpl = (5)

(gmpRout,D' esp L || ”op) Cyy +Cypy + ngp]

Concerning the transfer function in (3), the DC gain is
approached by (4) and the dominant pole is given by (5).
Rouprsp is the output impedance of the D-FSP block, and the
nondominant pole is fixed by the output resistance and Coap.
Approximate values for the transfer function (TF) coefficients
are given in (7) to (13) and (16) to (25). A reduction in the load
current, /;pap, Will bring the nondominant pole closer to the
Unity Gain Frequency (UGF), thus degrading the stability. This
behavior is represented by the pole-zero map in Fig. 8. For
the sake of clarity, only poles and zeros below 100 MHz are
included in the figure. Nested Miller compensation (NMC),
consisting of components Ry, Cyn, Ryp, and Cyp, was used to
achieve a proper phase margin in an output current range of

= <
S Vigpass I:: “es.pass (W) @ pass Vg pass 2 Fopass
v f . b
= = ”,
C. N <= 08 R
A (S mosl ) (¥ z Cedpass LOAD L”A["I
Vg | 8msVses i A = =
Ra § R <>
GB, PMOS oul,D-l—sPE: Cun Ry in
Rap, nvos = =
= Rin
L
Ava(2) l \J Sros L,
I gg,NMOI Vs3] &miaVess T T Cw2

Fig. 7. Small-signal model of proposed LDO.
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Fig. 9. Simulated post-layout open-loop gain of circuit in Fig. 3(a).

Table 3. Simulated post-layout gain and phase margin values for

different load conditions.
Lioap (MA)| Gain(dB) | PM (°) |Loap(mA)| Gain(dB) | PM(°)
100 51.30 132.0 1 56.65 115.7
10 57.24 1222 0.1 54.38 107.2

0.1 mA to 100 mA. This resulted in Ry, = 1 kQ, Cy; =5 pF,
Ryp=10kQ, and Cy, =8 pF.

Post-layout simulations of the open-loop gain are shown in
Fig. 9 at different load conditions (100 pA, 1 mA, 10 mA,
and 100 mA). Table 3 summarizes the simulated post-layout
gain and phase margin values. In every case, the load
capacitor is 100 pF, which is the worst-case scenario. Note
that the proposed LDO is stable across the entire range of
operation.
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IV. Experimental Results

The proposed circuit was designed and implemented using
standard 65-nm CMOS technology. Figure 10 shows a chip
microphotograph next to the layout of the circuit, where the area
denoted by the number 1 indicates the pass transistor Mpass, and
number 2 is the core of the circuit and the fast settling blocks.
Number 3 corresponds to the overshoot limiter implemented by
M,, Ry, and C;, whereas number 4 is associated with the biasing
circuit. The total area is 340.8 um % 135.5 um. The core of the
circuit occupies an area of 90.2 um x 135.5 pm.

The LDO was designed to drive a maximum load current of
100 mA with a variable C; pap in the range O pF to 100 pF.

a, = R,C,, (6)
a, = R3C3 [RMz CMZ +RM1CM1]’ @)
R C
a, =RR,,CCy, |:RM1CM1 e
®)
RgGB,PMOSng,PMOS
A ’
1
a, :a{——i-RMz} ©)
gm3
o= RM1R3RGB,NMOSZA:CMzczcgg,NMOS . (10)
1 R 1
aszﬂ{ +—M2 +RM2+—}, (11)
gm,3 gm,3r0,3 gm,ggm,fi}:)ﬂ
IB —a RGB,PMOSng,PMOS , (12)
4
R 1 1 1 1
ag = fCpp | =+ + —— . 13
gmp gmpgm,3 gm,ng,3 ro,8 ro,7

NI T

N o

S :

P \

~ \ g
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Fig. 10. LDO layout superimposed on chip microphotograph.
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Experimental results are shown in Figs. 11 and 12 for the
worst-case scenario of Cioap, that is, 100 pF. Figure 11 depicts
the line transient response for Voyr = 0.7 V and ioap =
100 mA, with ¥y changing from 0.9 V to 1.2 V and vice versa.
In both cases, the rise and fall times of Vjy are 1 ps. Under
these conditions, the output voltage shows an overshoot of
45.2 mV and an undershoot of —61.4 mV. In addition, the worst
settling time, which was calculated as the time to reach 1% of
steady-state Vour, is 5.17 us. Figure 12 shows the load transient
response for rise and fall times of 1 ps when V= 0.9 V and
the load current changes from 0.1 mA to 100 mA and vice
versa. The voltage Voyr shows a maximum variation of
+75.9 mV/—67.5 mV with respect to the nominal voltage
Vour = 0.7 V. Under these conditions, the worst settling time is
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4.64 ps. From Figs. 11 and 12, it can be deduced that the
proposed architecture exhibits a fast transient response for
changes in both Vi and 7; oap.

Table 4 compares the performances of the proposed
implementation to other reported LDO regulators. The results
presented here correspond to the worst-case scenario
(according to the respective authors), measured when /; oap and
Vi~ are changed between their extreme values.

I
FOM =T —*—,

(14)
ILOAD,max
T — COUTAVOUT (15)
' ]LOAD,max
José Maria Hinojo etal. 379



Table 4. Comparison of recently published LDO regulators.

Parameters 2] [107* [12] [13] [14] [15] [17] [18T* This work
Topology Classical CAFVF FVF CAFVF CAFVF CAFVF CAFVF FVF CAFVF
Technology (um) 0.065 0.028 0.35 0.09 0.35 035 0.09 0.065 0.065
Vv (V) 1.2 1.0 1433 1.4 1.28-3.3 0.75-1.2 1.2 0.9-1.2
Vour (V) 1 0.8 1.2 0.9 1.2 1.1 0.5-1 1 0.7
Dropout (V) 0.2 02 0.2 03 0.2 0.18 0.2-0.25 0.2 0.2
I oap range (MA) 0-100 0.1-100 0.1-50 0-100 1-100 0-100 1.5-100 0-50 0.1-100
gﬁ;ﬁﬁ:ﬁg 0.9-82.4 100 346 6.000 43 25 8 237 [17.38-17.88
Currentefficiencyat | g 5177 | 990099 | 999654 | 94396 | 995718 | 999750 | 999920 | 999763 | 99.9823
TLoADmax (70)
Cioap (pF) 100 100 0-200 600 1,000 100 50 10,000 100
Area (mmz) 0.017 N/A 0.08 0.098 0.15522 0.126 0.019 N/A 0.0292
Settling time (yis) ~6 N/A ~14 ~0.015 ~3 ~14 ~375 1.65 5.17
AVour by varying Vv
Maximum (mV) 891 N/A 20 N/A N/A 20 40 N/A 452
Minimum (mV) —10.63 N/A —28 N/A N/A 0 -33 N/A —61.4
(AVour/excitation rise time)| ~ 0.2/10 N/A 0.2/0.3 N/A N/A 1/100 0.42/10 N/A 0311
(V/us)
AVour by varying I oap
Maximum (mV) 0 21 46 70 31 114 19 759
Minimum (mV) —68.8 —26 =75 —45 =70 —80 =73 —58 —67.5
(AL oap/excitation rise time)|  100/0.3 9.9/30e—6 49.9/0.3 100/0.0001 99/1 100/0.5 98.5/0.1 49/0.1 99.9/1
(mA/us)
Line regulation (mV/V) 47 N/A 8.8 N/A N/A N/A 3.78 8.89 5.61
Load regulation (LV/mA) 300 N/A 3,000 900 N/A 190 100 34 433.80
FOM (fs) 56.69 3,120 334.93 32,400 3,311 27.75 7.48 7,299.60 25.64
“ Simulation results
® Estimated using the maximum value of quiescent consumption
In order to compare different LDO regulators, the figure of 10°
merit (FOM) of (14), used in [13], is adopted here. 7, is the (131 e
response time, and it is defined in (15). 10" [13] o
Based on (14) and (15), the smaller the regulator FOM, the (14] & & [10]
better its performance. Only the regulator of [17] outperforms z 10F
the present structure. However, the classical FOM does not g ® 2]
take into account the rise and fall times of the stimulus used to =10 o2
measure the transient response. Based on this observation, the This work ar@[15]
regulator proposed in [17] has a poor line transient response 10 ®[17]
because it cannot handle rise and fall times shorter than 10 ps , ‘ ‘ ‘ ‘
of the input voltage. This is not the case for the proposed LDO, 10° 10' 10 10° 10

which is able to handle rise and fall times of 1 ps. In addition, a
minimum load current of 1.5 mA is required for [17] to ensure
stability when Coyr and Vi take their maximum and
minimum values, respectively. This current is increased to
3 mA when Coyr and Vy are at their maximum values. On the
other hand, the structure proposed in this work remains stable
for a minimum current of 0.1 mA, regardless of the Coyr and
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Quiescent consumption () (LA)

Fig. 13. Graphical comparison of recently published LDO
regulators according to FOM proposed in [13].

Vin values. A similar reasoning applies to [15], where the
experimental results demonstrate that the circuit cannot handle
line transient variations of Vjy faster than 100 ps. Moreover,
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it requires almost 50% more power consumption than the
LDO presented in this paper. Figure 13 shows a graphical
comparison of recently published LDOs.

7/ = gmpRout,D* FSPRL || rop b (16)
b =y[Cyy+Cyps+Cyy |- 17)
1
b, =yR,C,| C,, | 1+ +Cyy +Cy |» (18)
gmpRL ” rop
0 =yRR,,C,C,,, (19)
R C C
by =8| Cpypy +Cyy +—om B ML (20)
AORMZ gmprop
R C Cnfyp 1 +CM]+C’°'dlD
(RRNOR Tee HOS 4, Enislos &niRin4
b4 —-sll+ RGB,PMOSCM] 22, PMOS
Al
+Gunl o RonosCunmos
gmp m,}ropRMZKl i
2D
(=5 R amos CMIng,NMOS ’ 22)
Kl
ng,PMOS {1_’_ 1 }
b _ R Al gm,3RM2 RMngdp
s = €| L pmos + —R
+g{1+ L, G } 8nsu
gmp gm,3RM2 gm,3CMl
(23)
b =c R pm0sCegovios R, + 1 + 1 c I: C, + ngp:l 4 RyiCinCosp
AR,, Enz  Emp8ms R Top
te 1 |:RMIRM2Cgsngg.PMOS . RyiCCyy . RGB,PMOSRMZCLng.PMOS:|,
gmpRMZ gm.xro,xAl 83 4
(24)
C,. +C,
. AL [Cgsp + ngpJ
b =¢ RGB,PMOSRMICLng,PMOS gm,3
, =
Al gmpRMZ + CESP
gm,3gm,8’:),7
(25)

V. Conclusions

This paper proposes a new LDO regulator based on the
CAFVF cell. The structure, designed with standard 65-nm

ETRI Journal, Volume 39, Number 3, June 2017
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|

CMOS technology, uses a gain-boosting technique, adaptive
biasing, and fast settling paths to increase the regulation loop
gain and rapidly charge/discharge the parasitic capacitance of the
pass transistor gate. This leads to a fast transient response with a
low power quiescent consumption. An analysis of the small-
signal behavior of the proposed structure, which uses NMC,
demonstrates its adequate stability in the worst case.
Experimental results show small voltage spikes and short settling
time for large line and load transient variations, even when the
rising and falling times decrease to 1 ps. Finally, the proposed
LDO regulator is shown to be a state-of-the-art device.
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