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Abstract: This paper presents three circuit implementations of a low-dropout voltage regulator (LDO) structure that supplies a
rail-to-rail voltage controlled oscillator (VCO) operating at 2.5GHz. The LDOs comprise only a small decoupling capacitor that
can be integrated but they are still able to deal with the large and fast variations of the supply current required by the VCO. For a
fair and direct comparison, all three LDO versions use the same pass transistor and are designed to maintain the output voltage
ripple at the same level. Two symmetrical OTAs — one optimized for low-power consumption and the other for higher-bandwidth
and lower noise — and one folded-cascode OTA optimized for low noise were employed successively to implement the error
amplifier within the LDO. The comparison focuses on the effect the LDOs have on the phase noise of the VCO they supply. It was
found that the VCO phase noise can be improved by reducing the level of high-frequency noise on the VCO supply line, caused by
the LDOs.
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I. INTRODUCTION application — supplying a 2.5GHz rail-to-rail VCO, which
The low-dropout regulator (LDO) is a linear voltage  imposes very large and fast variations of the supply current
regulator that employs a PNP or PMOS transistor as the  — was the structure presented in Figure 1 [5]. This LDO is
series control element — that is, the pass transistor connected  similar to the typical LDO topology shown in [1] except it
between the input and output. This way, the LDO can  has an additional active compensation network around the
maintain normal operation even when the voltage difference ~ PMOS pass transistor, formed by a current amplifier and the

between input and output drops to relatively low values —  compensation capacitor Cf. Thus, the decoupling capacitor,
down to hundreds of mV. Cout, has a low enough value to be integrated on chip.
Besides providing suitable voltage levels LDOs are used Reference [5] employs a symmetrical OTA to implement

to separate the supply lines of different blocks, to  the EA, but without describing the reasons that topology was
prevent/reduce noise coupling and leakage. A typical LDO chosen; also, no ana]ysis was shown regarding the
employs a large — therefore external — decoupling capacitor relationship between the EA parameters and the
at its output for both energy reservoir for fast load transients performance of the entire LDO. This paper is a step towards
and frequency compensation [1]. However, when more filling this gap: first, it discusses the effect increasing the
LDOs are to be used — as is the case of system-on-chip  main EA parameter, the gain-bandwidth product (GBW),
(SoC) designs - this approach requires a large number of  has on the LDO parameters; then it analyses the effect of
pins, which is not always acceptable. Therefore, alternative changing the EA topology, while maintain its GBW.
LDO topologies have been developed, which do not require Vin
external decoupling capacitor — called hereafter “capacitor-
less” LDOs, although some of them continue to require an
output capacitor, but small enough to be fully integrable.
Common shortcomings of these “capacitor-less” designs

Vref =
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are poor response to fast variations of the output current and A(;;Eiet'_:; i Vout

the need of additional active control circuitry. Several af Cout ‘

solutions have been reported in the literature: in [2] a % RI ::'fg?;'gd Dynamic

damping-factor-control compensation was employed, in [3] L ain Feodback Loop Load

a fast settling time was achieved by using a common-gate % R2 [

amplifier and a direct dynamic charging technique and in [4] =

a dynamic gain adjusting mechanism was employed. Figure 1: The LDO topology proposed in [5]; Cout has a
After analyzing several solutions proposed in the value low enough to be integrated on-chip.

literature we decided that the one best suited to our
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For this purpose, the LDO topology shown in Figure 1
was implemented in three versions, which are described in
some detail in the followings. For a fair and direct
comparison, all three versions use the same pass transistor
and drive the same load; also, the voltage ripple at the LDO
output is maintained at about the same level. The
comparison focuses on the effect the LDOs have on the
phase noise of the VCO they supply. Of course, the standard
LDO parameters
(the current consumption, load and line regulation, PSRR
and, most importantly, the output noise) are also monitored.

The paper is organized as follows: Section II discusses
the first two implementation cases: both employ the same
symmetrical OTA for the EA, but with different GBW
values. The third LDO version is presented in Section III: a
folded-cascode OTA was used for the EA there. Section IV
presents briefly the load — a rail-to-rail VCO operating at
2.5GHz. The main simulation results are discussed in
Section V. Conclusions are drawn in the last Section.

II. TRANSISTOR-LEVEL IMPLEMENTATION OF
TWO LDOs WITH SYMMETRICAL EA

A. LDO description

The LDO topology proposed in [5] is presented in
Figure 1; it is similar to a conventional LDO such as the one
discussed in [1], except it has an additional compensation
network around the PMOS pass transistor and it is formed
by a feedback capacitor, Cf, and a current amplifier. In a
conventional LDO the transient response bottleneck is the
large gate capacitance of the pass transistor. For low dropout
the pass transistor needs to be large; depending on the
current passing through, its gate capacitance can be in the
order of pF/tens of pF. The charging and discharging of such
a large capacitance is the main factor that determines the
transient response of the LDO, much more than the gain-
bandwidth of the main loop.

The additional compensation network shown in Figure 1
provides a fast feedback path in order to improve the
transient response; it forms an internal negative feedback
loop with a much wider bandwidth than the overall LDO
bandwidth. In order to respond fast enough to load
variations a sensing mechanism with high bandwidth is
needed; theoretically this can be achieved by a capacitor.
However, connecting the capacitor between the gate and
drain of the pass transistor will have an effect only if its
capacitance is greater than the gate-drain capacitance.

Another problem is that by doing so, the capacitor will
create a feed forward path to the output, degrading the phase
margin. The current amplifier solves both problems: first by
amplifying the capacitor seen at the gate and second by
blocking the feed forward signal path. The amount of
current supplied by the sensing capacitor can now be
amplified, improving the charging/discharging time of the
pass PMOS gate capacitance. The compensation circuitry
can be implemented by a current amplifier and a
compensation capacitor, Cf, as shown in Figure 2.

In this arrangement both the LDO stability and its fast
transient response are ensured even for low values of the
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Figure 2: Circuit implementation of the LDO topology
shown in Figurel, based on a symmetrical Error
Amplifier.

output capacitor, Cout. Therefore, it can be integrated on-
chip, saving a pin and an external capacitor.

B. EA description

Figure 2 shows a transistor-level implementation of the
LDO structure which is similar to the circuit presented in
[5]. The error amplifier is implemented by using a
symmetrical OTA: the input stage is formed by transistors
M1, M2 which convert the differential input voltage into a
circular current signal; this is taken in by three current
mirrors (M4-M6, M3-M5 and M9-M10) which convert it
into a single ended output current, available at node A. The
input stage inherently symmetrical topology results in
no/reduced systematic input offset voltage.

C. Current amplifier description

The input stage of the current amplifier is formed by the
transistor My, in common source connection, around which
the resistor Rf closes a feedback loop; this way both the
input and output nodes of this stage have low impedance,
suitable to current input and high-frequency operation. The
second stage formed by My, and its cascode, M,, converts
the voltage delivered by the first stage back into current,
injected into node A, i.e. the output of the error amplifier.
The cascodes M| and M, help reduce the difference of the
drain-source voltages of My, and My, thus reducing the
offset of this circuit. The input stage is biased by the
constant current source, Ibias2, while the second stage is
biased via M10. As the later also sources current to the EA
output stage its current drive has to be far larger than the
current sunk from node A by transistor M6. This can be
achieved by making M 10 larger than M9; another possibility
is to also make M5 larger than M6.

Besides Cf there are two more capacitors, Cf2 and Cf3,
which help improve the AC stability.

D. Implementation of two LDOs with symmetrical EA

The first implementation of the LDO shown in Figure 2
was optimized for low-power consumption, while ensuring
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that the output voltage ripple remains within the required
limits. In this case the GBW of the main feedback loop -
closed around the EA - has a fairly low value, 4MHz.

Vout

Vib = Cout

Rf (on- chip
M2 Mf1 Cf2- Rf2| 100pF)

Compensation Circuitry

Vbiasn
M?—H w4

Error Amplifier

Figure 3: Circuit implementation of the LDO topology
shown in Figurel, with a Folded-Cascode Error
Amplifier

In order to assess the impact of the GBW over the LDO
performance a second version was designed, for which the
GBW was doubled. This involved increasing the current
consumption and re-sizing both the compensation circuitry
and the EA; noise reduction was also targeted.

Transistor sizes for the two implementations of the LDO
with symmetrical EA, designed in a standard 0.18um CMOS
process are given in Table 1, in columns 2 and 3. Resistors
Rf1 and Rf2 have same values for all three LDO discussed
here, 10kQ and 20k€, respectively.

III. LDO WITH FOLDED-CASCODE ERROR AMP.

A. Brief description of the LDO with folded-cascode EA

Figure 3 shows the schematic of the third implement-
tation of the LDO topology shown in Figure 1: here a
folded-cascode OTA was used to realize the EA.

Table 1. Transistor sizes for the LDO implementations
based on Figure 2 (columns 2 & 3) and Figure3 (column 4)

Cf 4pF 2pF 4pF
Cf2 110fF 110fF 110fF
Cf3 6pF 1pF 2pF
Rf 15kQ 3kQ 10kQ

Component Symmetrical EA Symmetrical EA Folded
name low-power larger GBW Cascode EA
WmyLum) | WL | VIR
Mp 800/0.5 800/0.5 800/0.5
MI, M2 5072 50/2 80/0.5
M3, M4, 42 4/2 40/2
M5 16/2 8/2 28/1
M6 8/2 8/2 28/1
M7 1072 102 16/0.5
M8 512 102 16/0.5
M9 42 16/2 16/0.5
M10 28/2 80/2 16/0.5
Ml11, M12 - - 16/0.5
M13, M15 - - 24/0.5
M14, M16 - - 80/0.5
Mf1 10/0.7 40/0.7 5/0.7
Mf2 20/0.7 40/0.7 5/0.7
Mcl 8/1 8/1 25/1
Mc2 16/1 8/1 25/1

Another difference is that both the input and the second
stages of the compensation circuit are biased independently
of the EA, by the cascaded current sources M13-M14 and
M15-M16.

This circuit was designed to obtain the same output
voltage ripple as the two LDOs discussed in the previous
Section; also, the GBW of the main loop has the same value
as the first LDO implementation, based on Figure 2. This
allows us to study the impact the EA topology has on the
entire LDO. Transistor sizes for this version, designed in the
same 0.18um process, are given in the last column of Table
1.

B. Noise analysis of the capacitor-less LDO

Figure 4 presents a simplified equivalent circuit used
to analyze the noise of the LDO shown in Figure 3.

Notation dy ori |

out " DeviceA
of the squared noise voltage or current source that models
the noise of Device A.
By using standard circuit analysis [6], [7], [8] one can
obtain the total voltage noise at the LDO output:
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This analysis can be easily extended to the LDO shown in
Figure 2, leading to the same conclusion: transistors Mf1
and Mf2 are significant contributors to the LDO noise, as
their noise is conveyed to the LDO output with a large gain.
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Figure 4: Equivalent circuit for noise analysis of the
LDO implementation shown in Figure 3

OutP3 OutP4 OutP1

here were designed so that the voltage supply ripple has the
same amplitude; this way the analysis can concentrate only
on one aspect that is the electrical noise at the LDO output.

V. SIMULATION RESULTS
The main simulation testbench is shown in Figure 6: the
LDOs under test are provided with a reference voltage and
drive the rail-to-rail VCO shown in Figure 5.
All the results presented in this section were obtained by
running Spectre simulations using Virtuoso Analog Design
Environment (ADE-L) for all three LDO implementations.

A. The loop gain of the main control loop

Figure 7 presents the loop gain amplitude and phase
characteristics with the VCO turned off — that is, the worst
case situation with respect to the LDO stability, because
with effectively no load the loop-gain is at maximum. All
three LDOs are stable, but the phase margin (PM) of the
symmetrical OTA with large GBW is fairly small, 29 dgr.
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Figure 6: Test bench for the analyzed LDOs.
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when driving the rail-to-rail VCO. In our case, the VCO
supply current varies between (almost) zero and S0mA.
As mentioned in the introduction, all three LDOs studied

Figure 7: The loop gain frequency characteristics of
the three LDO implementations, with the load turned off.
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B. Standard LDO parameters

Figure 8 presents the PSRR of the three LDOs; al low
frequency the LDO with folded-cascode EA achieves better
PSRR than the first two LDOs but at 2.5GHz (the VCO
frequency) the PSRR value is around -40dB for all LDOs.
For ease of comparison of the PSRR parameter, multiple
markers are placed in Figure 8 at key points of interest.

1.8065

T

I

i I
1.80& AﬂZ(lSSps —1.203mvI—|

1.8055
NN NSV NSV AN EVAN A VANS TV ANSVA RS
SN RVERAVER /i \Jj VaEVEV
LEOY Symmetrical EA
1.80354 Low-Power
17‘6.0. s 177.0
1.785 0r135ps, -1.176rmv) |
1.7845 N
e VAT Vi T Vv v
=
B = 7 [ | S A ) S S M
17834 Symmetrical EA
1.78254 High GBW
73.0 74.0 75.0 75.0
tirme (sl
1.8285 , , : :
1.828 'm?(23é.6ps,'—1.263'm\af)——
BAAR 5 f i I N
S 1 moos i T AJTL AT TATIN A TU
Laoe Wi/ Yy y/ y
1.82559 Folded-
1.8259 Cascode EA
" razs | 7a7s 75.25 75.75
tirme (ns)

Figure 9: Ripple of the LDO output voltages when
supplying the rail-to-rail VCO running at 2.5GHz
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Figure 10: Load regulation and Settling time of the three
LDOs; Ilload was increased from 0 to 50mA in 500ns.

Figure 9 presents the variation of the LDO output
voltage caused by the large variation of the supply current
drawn by the rail-to-rail VCO running at 2.5GHz: note that
for all three LDO implementations the voltage ripple is
about 1.2mV, although only a small (100pF) internal
capacitor is connected at the LDO output.

The load regulation of the LDOs, presented in Figure 10,
was measured with the VCO replaced by a pulse current
source, so that the load current can be varied between S0uA
and 50mA with a 500ns rise time. Best result was obtained
with the LDO employing the low power symmetrical EA:
the output voltage varied only by 6mV. The other two LDO
implementations showed significantly poorer load
regulation.

Figure 10 also shows that the settling time is about the
same for the three LDOs: around lu. Note that the settling
time of the LDO proposed in [5] is 15us.

C. LDO noise and VCO phase noise

Table 2 lists the first five noise contributors for the three
LDO implementations.
Table 2: Top five contributors to the LDO output noise

Symmetrical EA Symmetrical EA
Low-Power High-GBW Folded-Cascode EA

Device %o Device Yo Device %o

Mf1 34.8 M3 30.5 Mf2 44.9

M3 34.5 Mf1, Mf2 24.3 Mf1 44.7

Mf2 17 M5 15.6 M3, M4 3

Ml11,

M5 8.5 M4 1.3 MI12 0.5

Ml,

M2 0.9 M6 0.7 M9, M10 0.3
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The lowest spot noise at IMHz — but it has the highest
current consumption, around 100uA; the second-lowest
noise is given by the high-GBW symmetrical EA, which
consumes around 60uA, while the low-power symmetrical
EA is the noisiest but only burns 4uA. However, the overall
power consumption of the LDOs is not as widely spread —
see row seven in Table 4.

Figure 12 presents the phase noise of the VCO shown in

Figure 5, when supplied by the three LDOs under
discussion.
There is a clear correlation between the results shown in
Figs. 11 and 12: the noisier the EA, the worst the VCO
phase noise performance. In fact, the distance between the
VCO phase noise values at IMHz and the distance between
the spot noise of the LDOs at IMHz match almost dB-for-
dB. Table 3 lists the top five noise contributors of the VCO.
A summary of simulation results for the three LDOs is given
in Table 4.

VI. CONCLUSIONS

This paper presents three implementations of an LDO
structure that requires only a small, integrable, decoupling
capacitor, but is able to drive dynamic loads, which impose
large and fast variations of the supplied current. The LDO
structure is similar to the conventional LDO topology,
except it has an additional compensation network around the
pass transistor that ensures the fast charge/discharge of the
gate capacitance of the pass transistor during transients.

This LDO structure was selected from the many
“capacitor-less” solutions proposed in the literature as the
best suited to supply a rail-to-rail VCO operating at 2.5GHz,
with the supply current varying abruptly between 50uA and
50mA. The main requirements were to maintain the ripple of
the output voltage bellow 1.5mV and minimize the impact
the LDO had on the VCO Phase Noise.

First, a circuit implementation close to the one reported
in the literature was analyzed: it used a symmetrical OTA as
the EA of the LDO. Two versions of this circuit were
designed in a standard 0.18um CMOS process: one
optimized for low power consumption and the other for
higher GBW and lower noise.

The third implementation of the LDO structure used a
folded-cascode EA; it was designed to provide the same
output voltage ripple as the previous two LDOs; also, the
GBW of the main loop had the same value as the first LDO
implementation. The noise at the LDO output was reduced.
The pass transistor had the same size for all three LDOs.

The analysis focused on the effect the LDOs have on the
phase noise of the VCO they supply. No correlation between
the GBW of the control loop and the VCO phase noise was
found. Instead, a direct link was found between the high-
frequency noise spot noise at the LDO output and the VCO
phase noise.
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