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Abstract—This article proposes an LDO with fast response
to load transients that can handle any practical capacitive
loads. These features are mainly due to a novel frequency
compensation circuit tailored for its error amplifier, which is
based on an improved version of the popular common gate
amplifier. A simple yet effective approach to the small-signal
analysis of LDO with multiple feedback loops is employed to
analyse intuitively the LDO and derive key design constraints.
Simulation and measurement results performed on a test chip
implemented in standard 130nm CMOS process validated the
proposed LDO. It requires only 0.7uA quiescent current but
exhibits an excellent response to load transients: when the load
current jumps from 0A to 100mA in 1us the output voltage
presents an undershoot of 76mV and an overshoot of 198mV,
without decoupling capacitors. It compares well against seven
LDOs designed with common gate error amplifiers for similar
levels of supply voltage, output voltage and current and against
seven fast LDOs employing different error amplifiers. A figure-
of-merit that considers the quiescent current, the maximum load
current and capacitance, as well as the output voltage deviation,
yielded a value for our LDO 39.8 times better than for the nearer
competitor that employs common gate amplifier and 6 times
better than the one employing a different error amplifier. When
considering edge time and process scaling the performance of
the proposed LDO is 4.8, respectively 4.5, times better than the
second best in both comparisons.

Index Terms— Class AB, common gate, fast LDO, any- capac-
itor LDO, multiple-feedback analysis.

I. INTRODUCTION

OW-DROPOUT voltage regulators (LDOs) are often
used in switch-mode power supplies (SMPS) and large
Systems-on-Chip (SoC) to separate the supply lines of analog
sections sensitive to supply noise from the ones provided to
the supply-polluting digital and power-switching sections [1].
For the latter, fast response to load transients is paramount.
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LDOs with very small output voltage variations are necessary
for analog blocks such as precision amplifiers, ramp generators
and voltage-controlled oscillators.

The number of pins available for external decoupling of
internal LDOs is severely limited in these applications. Often,
the LDOs must handle fast load and line transients without the
aid of a large - thus external - decoupling capacitor, ensuring
that the resulting output voltage undershoot/overshoot remain
within the allowed range, usually no larger than +/- 20% of
the nominal Vout value.

The various sections within an SMPS or SoC present
significantly different capacitive loadings to the LDOs that
supply them. The usual solution is to design different LDOs,
each optimized for its specific load current. Obviously, it is
more time- and effort-efficient to design an LDO capable of
handling a wide range of output current and load capacitance.

Error amplifiers (EA) based on, or derived from, the push-
pull common gate amplifier with large slew-rate proposed
in [2] have been used extensively to implement LDOs with
fast response to load and line transients.

The main improvements proposed over the years to the
circuit in [2] are briefly analysed in the followings. In [3] the
input stage was doubled and adaptive biasing was employed
to speed up the LDO response to transients. The same authors
introduced in [4] a slew-rate enhancement circuit, realized by
embedding an RC network into the current mirrors within the
main Gm cell of the EA.

To obtain even larger gain and slew-rate values, the initial
circuit topology was modified in [5] to include the local
common mode feedback (LCMFB) circuit proposed in [6].
The phase margin of the resulting LDO remained above 10°
even at zero load current. However, the load capacitance range
was limited to 0-100pF. Two important changes to the LDO
proposed in [5] were introduced in [7]: a simple NMOS buffer
was used to drive the input stage of the push-pull amplifier
and the resistors within the LCMFB circuit were replaced
NMOS transistors driven by fast comparators that monitor the
output voltage. These changes improved significantly the LDO
response to fast load and line transients in comparison to [5],
but the load capacitance range was not enlarged.

Adaptive biasing of the push-pull amplifier was employed
in [8] to further improve the LDO proposed in [5]. The
transient performance of the resulting LDO was comparable
with the one reported in [7], but at the cost of increasing the
minimum load current necessary to ensure the LDO stability.
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Fig. 1. Conceptual schematic of the any-CL fast LDO.

In [9] the current capability of the error amplifier was
enhanced by implementing a local adaptive bias based on
doubling the EA input stage and by using a current mirror
with signal-dependent gain between the EA core and the pass
transistor gate. The idea of doubling the EA input stage was
also used in [10], but in conjunction with the current recycled
folded cascode proposed in [11].

This article presents a novel improvement to the push-pull
amplifier introduced in [5], based on which a fast LDO is
proposed. Besides providing fast response to load and line
transients, the proposed LDO can handle a wide range of
load capacitors. The next section introduces the new LDO and
presents an approximate, yet intuitive and effective, analysis of
its stability. Section III presents a design example, validated
through simulation results and measurements performed on
a test chip. The final Section comprises a comprehensive
comparison with state-of-the-art and a summary of main points
presented in, and of conclusions drawn from, this work.

II. PROPOSED ANY-CLOAD FAST LDO

A. Schematic and Principle of Operation

Fig. 1 presents the conceptual schematic of the proposed
LDO while Fig. 1 depicts its transistor level implementation.
It employs a novel OTA, derived from the OTA proposed
in [2] by employing two techniques for achieving a higher
transconductance we described in [12]:

1) the current recycling introduced in [11] — implemented
here by using two additional transistors for each input
(MIA_B & M2A_B) and the current mirrors M3A-M3B &
M4A-M4B.

2) the local common mode feedback (LCMFB), introduced
in [6] to further increase the gain and slew-rate, implemented
here by resistors RO.

The resulting fast OTA at the centre of the LDO is high-
lighted in Fig. 2. Its non-inverting and inverting inputs are
formed by interconnecting the sources of transistors M1A_B
and M2C, respectively M2A_B and MIC. Therefore, the
reference voltage is applied to the non-inverting input through
the buffer implemented by M11-M14 and Mbuff. The current
outputted by the Fast OTA at node 1 is conveyed by the
cascode M5 to the pass transistor gate; the current from the
other OTA output is conveyed by cascode M6 to the cascoded
current mirror M7-M 10, which injects it into the pass transistor
gate.
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A novel frequency compensation is implemented by the
capacitors C; and C, and the resistors R connected in the
sources of transistors M4B and MO. Its operation will be
analysed in the next Section. Circuit symmetry demands that
resistors R are connected in the sources of transistors M3B
and M10. Also, resistors k times larger than R are placed in
the sources of transistors M3A and M4A, which have aspect
ratios k times smaller than M3B and M4B.

By sizing R so that the products Rgm348 & Rgm9,10
are much smaller than unity one ensures that the equivalent
transconductance of the transistors with source degeneration
is Gmxech = 7 fk"gmx = gmx. Therefore, the transconductance
of the OTA shown in Fig. 2 can be expressed as follows:
Tot —Io~

Vid
in which Rg34p = RO || 453,44 |l 7ds1,2B-

This transconductance is (1 + gm3,48R¢3 4p)times larger
than the transconductance the EA proposed in [2] can provide
s )
times larger than the one yielded by the EA proposed in [5]
for same conditions.

Sizing R such that Rgu34p & Rgmo,10 < 1 also ensures
suitable low-impedance nodes for connecting the capacitors Cy
and C,. This arrangement is efficient not only for frequency
compensation but also for boosting the slew-rate current that
charges/discharges the large parasitic capacitance present at
the Mpass gate. A variation of the output voltage is converted
into displacement current through Cy and C; and fed back to
the gate of Mpass by means of current buffers M4B and M9.

It can be argued that the same effect can be achieved
with fewer components by connecting capacitors C; and C»
to nodes 1 & 2 (the sources of M5 and M7, respectively),
as proposed in [13] and [14]. But this is only true if V1&V2
exhibit relatively small variations during LDO output voltage
transients. This is not the case here — in fact, neither is in [13]
or [14]. Transistors M4B/M9 (M7/M4 in [13], M20/M23
in [14]) will pull V1&V2 to GND/VIN during large out-
put voltage undershoots/overshoots, significantly reducing the
voltage variation dV /dt across C and C3. In turn, this leads to
significantly less current available for discharging/charging the
gate of Mpass. The circuit shown in Fig. 2 has the additional
advantage that, during output voltage transients, the signal
driving the gate of transistors M4B and M9 is in opposite
phase to the one delivered by C; and C» to their sources.
As a result, the impedance seen at the sources of M4B and
M9 is dynamically reduced, thereby improving the transient
performance of the circuit.

A small value capacitor, C,,, was placed between the Mpass
gate and drain. It helps speed up the LDO response during the
initial phase of the output voltage transient, when the currents
generated by the class-AB Fast OTA and the capacitors C; &
Cy are relatively small. Note that Cy,, plays no major role in
the LDO frequency compensation.

The available bias current should be split between stages
considering the trade-off between the gain-bandwidth prod-
uct (GBW) of the LDO and its slew-rate. As a rule of
thumb, 70-80% should be allocated to the fast OTA while

Gmora = =28m1,2(1 4+ gm3,4BRg3,48) (1)

for same biasing and transistor sizes, and
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Fig. 2. Transistor level schematic of the proposed LDO.

the remaining 20-30% are necessary for the voltage buffer.
An example is given in Fig. 2, for a total quiescent current of
700nA: the values of biasing currents are indicated there for
each circuit branch.

B. Stability Analysis

Most stability analyses presented so far focused on the
loop-gain of the main voltage-control loop, derived by break-
ing the loop between the LDO output and the error amplifier
input, as indicated in Fig. 2. The common-gate amplifier
does not present a large input impedance, so it has to be
properly taken into consideration. In turn, this results in rather
cumbersome expressions for the loop gain.

This Section aims to provide an effective, yet simple and
intuitive, stability analysis of the proposed LDO that considers
the impact of the main voltage and local current feedback
loops, both individually and combined, as well as the impact
of the small input impedance of the error amplifier.

Starting from the approximate graphical analysis method
introduced in [15] and [16] we developed a method for
analysing the circuit proposed in Fig. 2 that provides qual-
itative insight into the operation of the novel frequency com-
pensation circuit. The first step is to represent the frequency
compensation circuit as an inner feedback loop within the main
voltage-control feedback loop. Next, the circuit encompassed
by the inner loop is replaced by its closed-loop equivalent,
according to the classical feedback theory. This process is to
be repeated if multiple feedback loops are present. Eventually,
one obtains an equivalent circuit that consists of only one
feedback loop. The LDO stability is analysed by considering
both the inner feedback loops and the return ratio of the
equivalent single loop.

The return ratio is obtained by using Rosenstark’s for-
mula [17]. It does not depend on the point the loop is broken
at [18].

5

R1

Fig. 3. Small signal block diagram of the proposed LDO.

Fig. 3 presents the small signal model of the circuit pro-
posed in Fig. 2: Gmora is the equivalent transconductance of
the OTA, given by (1), Gmp is the transconductance of the pass
transistor and Gmpg;, Gmp, are the transconductances of tran-
sistors M4B and M9, respectively. By making Gmp;=Gmp; =
Gmpg, C1 = C2 = Cand R1 = R2 = R the LDO model shown
in Fig.3 can be reduced to the simplified one presented in Fig.
4.a). This model highlights the fact that the local compensation
circuit closes a parallel-parallel feedback loop around the
pass transistor. The inner loop we alluded to can be easily
identified: it comprises a direct gain path (a;yyggr) and a
feedback path (fiynER)- It can be replaced by its closed-loop
equivalent, as shown in Fig 4.b). The natural closed-loop gain
corresponding to the parallel-parallel feedback topology is the
transimpedance, Z,yyzx:

Vour 1 TINNER

)

ZI = — =
INNER .
iy fiINNER 1+ TINNER

In (2) TinynER is the loop gain of the inner loop and has
the following expression:

3)

TINNER = aINNER JINNER
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Fig. 4. Simplified representations of the small-signal model for the proposed
LDO: a). derived directly from the circuit shown in Fig. 3 for Gmp;=Gmp; =
Gmp, C1 =C2=C, Rl =R2 =R and b). inner loop represented by its
equivalent circuit, derived by using classical feedback theory.

where:
R, R
AUNNER = —i—stgf)(f—i—LsRLCL) “)
JINNER = 2% (%)
From (3),(4) and (5) TyyNyER can be written as:
TinnER — 2sRC(GnrGmpRgRL) ©)

(14 5R,C)(1+sR.Cr)(1 + sRC)

The LDO stability depends on both the inner loop and
the single-feedback loop equivalent small-signal representation
shown in Fig 4.b). The return ratio is used for the latter [17]:

I;T,
i + 7,
where T, and T; are, respectively, the voltage and the current
transfer ratios. They are derived by breaking the loop to create
a pair of “Test” and “Measure” nodes; then, a test voltage and
a test current are applied successively to the “Test” node and
the resulting open-circuit voltage and short-circuit current are
measured at node “Measure”, as shown in Fig 4.b).

The LDO is stable when both the inner loop and the equiv-
alent single-feedback loop meet the usual stability criteria:

TINNER # —1&TLpo # —1 (8)

Analysis of Trpo
Direct circuit analysis performed on the small-signal model
shown in Fig 4.b) yields the voltage transfer ratio 7):

)

Tr.po =

Umeasure 9)

T, = = GmorAZ: INNER

Utest
Fig. 5 presents the small-signal model of the circuit shown
in Fig. 2 used to derive the current transfer ratio 7';. Note that
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Fig. 5. Small-signal model of the circuit shown in Fig. 2 used to derive the
current transfer ratio 7;.

the LDO output is shorted to ground in order to determine the
short-circuit current, imyeqsure- Capacitors C1 and C2 appear
in parallel with resistors R; this introduces a non-dominant
pole and a zero in the current transfer ratio, 7;, approximately
given by ol} = % and cuZT P = m. The products
gmgR and gmypR are set by design to a value much smaller
than one — as explained in Section II A. Therefore, cuzT i
will cancel the effect of a)gé It follows that the frequency
characteristics of the current transfer ratio, 7;, are set mainly
by the dominant pole given by the equivalent resistance, Ry,
and the parasitic capacitance, C,, seen at the Mpass gate:
imeasure ~

T; 217 = (1+gm3,4BRg3,4B) RgGmP
test

— -~ 0
1+sR,Cy
in which R348 = RO || (8,,3.447ds3,4A)kR || ras1,2B-

The loop gain of the LDO can now be derived by combining
T; and T, according to (7).

Note that the voltage and current transfer ratios appear “in
parallel”; this suggests that, if one of these ratios is far smaller
than the other one, the resulting loop gain 77 po is mainly
determined by the smaller transfer ratio. The ratio between
the DC gain of the current and voltage transfer ratios is given
by:

LT
[Tl 2gm12RL

From (11) it follows that at small load currents, the overall
LDO DC gain is mainly determined by the current transfer
ratio. It will be shown later that the dominant pole of 7,
appears at much lower frequencies than the dominant pole
of T; shown in (10). Therefore, the phase margin of Tz po is
determined by the frequency characteristic of T, as illustrated
in Fig. 6.

At high load currents, the LDO DC gain and phase margin
are determined mainly by the voltage transfer ratio, which has
a far smaller gain than the current transfer ratio, as shown
in Fig. 7. The high frequency non-dominant pole of 7;, a)nT a’;p,
is due to the small value parasitic capacitance, Cpar, ranging
in tens of fF which is present at the input of the error amplifier.

To conclude, the frequency characteristics of Tppo are
determined near the unity gain frequency by the characteristics
of T,. Therefore, the analysis will focus on T,,.

o« IL (11)
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From (9) it follows that:
(12)
(13)

T, = Guora ainner if Tinver < 1

if Tinwer > 1

T, = Guora
INNER
Let us define A= |Gm0mﬁlvlm| for > w,. From Fig. 5
it follows that:

Ay = Gmota
GmF

An effective way of ensuring a good phase margin is to
force the 7, magnitude characteristic to cross the 0dB axis
with a slope of -20dB/decade. This is equivalent to ensuring
that A, < 1. Fig. 8 indicates that for 7pulsations larger
than the value of the T, secondary pole, wyp, the magnitude
characteristic of T, rolls off with a slope of -40dB/decade.
Considering that w;; < wl”, the phase margin of 7, can be
approximated by:

(14)

PMrt, =90° — tan™" (Ap) (15)
It follows that Aj; can be written as:
Aj =tan(90° — PM7T,) (16)

The T, unity-gain frequency, w,, can be obtained by finding
the intersection between G074 m and the 0dB axis:

7, _ Gmora 1 1
a)u = — = - Ah)h——
2RCG,,r 2 RC
Analysis of Ty NNER
For a PMr,yyzr = 45° the second zero-crossing of the
TrnynER module characteristic, denoted by pulsation w2, must

happen before the occurrence of the third pole pulsation, ws3.

A7)

Wy = W3 (18)
This condition is met if the following inequality is true:
w3
1 <ITINNER |max < — (19)
(24)
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Fig. 7. Frequency characteristics of transfer ratios described by (7) & (9)
and return ratio described by (10) for large values of IL.

The expression of |TINNER |max depends on the position of
the dominant pole, wj. In turn, w; is set by the loading
conditions. R, Cp < RyC, for large load currents or if the
output capacitor has a small value. In these conditions, the

dominant pole of T;ynyEggr is given by w; = ﬁ, which
translates (19) into:
C R;Cy
1 < —(GurGupR,R) < —— 20
CL( mFUmp g )_ RC ( )

At small load currents and/or large load capacitance one the

R; C; time constant becomes larger than RgCg. Thus, the
dominant pole changes to w; = #CL. This translates (19)

into:

C R,C
1 —(GmrFGupRLR) < 8 21
< Cg( mFGmpRLR) < RC 21

The main design constraints result by combining (20) and (21):
CL C,

C,Cy
max , SRC =< |——71—
GmFGmPRg GmmePRL GmrGmp

The frequency compensation circuitry shown in Fig. 2 -
capacitors C1, C, and resistors R connected to the sources of
transistors M4B and M9 — implements a capacitance multiplier
with the gain approximately 2G,, r Zg, largely independent on
the load current and capacitance. As explained in Section II.A,
[13], [14] proposed a fairly similar, but less effective, topology.

1II. DESIGN EXAMPLE
A. LDO Requirements and Simulation Results

The circuit proposed in Fig. 2 was used to implement the
LDOs required to separate the supply lines of digital control
circuitry and PWM generator within and integrated SMPS.
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Fig. 8. Frequency characteristics of the transmittance and transfer ratio
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The LDO was implemented in a standard 130nm CMOS
process for the following requirements: output voltage
VOUT=1V when VIN varies between 1.2V and 1.5V, the load
current, IL, varies from 0 tol00mA and the load capacitance,
CL, takes values from practically 0 to 1uF. Quiescent current
consumption: nominal value 700nA, at room temperature.

The LDO phase margin had to be maintained
above 5 degrees over the entire range of values given
above for the load current and capacitance, and over the
full automotive temperature range, -40°C to +150°C. The
LDO response to line and load transients should maintain the
output voltage undershoot (-AVout) and overshoot (+ A Vout)
within 20% of the nominal VOUT value.

The design constrains (22) are key factors for sizing the
circuit shown in Fig. 2. Fig. 9 presents a 3D representation
of (22), considering the design requirements listed above. The

.. Cp Cy
lower limit represents the term max { GniGrrRe® GrrGup KL

while the upper limit represents the term %. The space
between these surfaces encompasses all suitable RC values.

One notices that a complete RC = constant plane cannot be
placed between these limits. This means that no singular RC
value can meet (15) for all possible combinations of IL and CL
values. Fortunately, the frequency compensation needs only to
deal with the IL and CL values for which the uncompensated
voltage loop has a smaller-than-required phase margin. Here,
this occurs only when both IL and CL take small or large
values, at the limits of their respective ranges (0 tol00mA
and 0 to 1uF). Consequently, the RC value is chosen so
that the area of the corresponding RC = constant plane that
remains between the lower and upper limits is maximized and
includes these combinations of extreme values for IL and CL.

In this case, the RC value should be chosen so that the
constraints defined by (22) are met at small load currents for
CL values up to 10nF and at large load current for CL values
ranging from 40nF up to 1uF. The frequency compensation
network of the circuit shown in Fig. 2 was sized as follows:
C1=C2=15pF, R=20kQ and R0O=300kQ. The value of Cm
was set to only 4pF, as this capacitor is effective only during
the initial phase of the LDO response to output voltage
transients.
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Fig. 9. A 3D representation of (22) illustrating the lower and upper limits
for the acceptable values of RC, four intersection points between lower and
upper limits and the chosen RC value (R=20kQ and C1=C2=C=15pF).

IL (A)

Fig. 10. Top view of the 3D representation of (22) shown in Fig. 9, that
highlights the (IL, CL) area for which the feedback compensation is active.

Fig. 10 illustrates the top view of the 3D representation
of (22) shown in Fig. 9. The red curves resulted from the
intersections between the chosen RC = constant plane and
the lower and upper limits defined by (22). One notices that
the conditions mentioned above are met: the part of the RC
= constant plane that fits between the limits is delimited by
the following points: IL=100nA & CL=10nF, IL=600nA &
CL=1pF, IL=100mA & CL=40nF, IL=250uA & CL=1uF.

Fig. 11 presents the frequency characteristics of the LDO
loop gain, T7.po, at room temperature for CL=0F and seven
values of the load current, between 0 and 100mA. At zero
load current the current transfer ratio has a relatively small DC
value and sets the DC loop gain value to 28dB. The DC gain
of the current transfer ratio increases with the load current,
and so does the overall DC loop gain, up to the point where
it gets close to the DC gain of the voltage transfer ratio. From
there on, the voltage transfer ratio limits the DC loop gain.
The inner voltage compensation loop ensures that the poles of
Trpo are widely separated, which results in large values for
the phase margin, up to 113 degrees at IL=100mA.
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Fig. 11.  Frequency characteristics of the LDO loop gain, 77 po, at room

temperature, for CL=0 and seven IL values between 0 and 100mA.

Fig. 12 presents the loop gain characteristics at room tem-
perature for CL=1uF and the same seven values of the load
current. At zero load current the characteristics are determined
by the current transfer ratio; the dominant pole is set by
CL and is located at a very low frequency. Thus, the DC
loop gain has a relatively small value, similar to the CL=0F
case, but the loop gain bandwidth is determined by the load
capacitor. The DC loop gain increases with the load current,
and the unity-gain frequency gets closer to the second pole.
However, the LDO poles remain sufficiently far apart, even
for the maximum load current where the phase margin value
is 47 degrees.

Fig. 13 depicts the way the LDO Phase Margin at room
temperature depends on the CL and IL values. The global
minimum value for the Phase Margin, over the entire range of
values defined for CL (0 to 1xF) and IL (0 tol00mA) is 10°
and occurs for CL=1uF and IL=316u A.Therefore, the case
CL=1uF should be analysed in more detail.

Fig. 14 presents the LDO Phase and Gain Margins for
CL=1uF and IL varying between 0 and 100mA, at three die
temperatures: -40°C, +25°C and +150°C. The smallest Phase
Margin value is obtained for -40°C and IL=150uA; at 7° it
is only three degrees smaller than minimum value obtained
at room temperature and meets the design requirements. The
Gain Margin values are larger than 20dB at all temperatures.

This analysis was repeated for several other CL values, with
similar results: die temperature does not a have a major impact
on the minimum values of the LDO Phase and Gain Margins,
which remain above the set limits for all test conditions. This
validates the theoretical analysis presented in Section II B.
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Fig. 12.  Frequency characteristics of the LDO loop gain, 77 po, at room

temperature, for CL=1uF and seven IL values between 0 and 100mA.
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Fig. 13. Phase Margin (PM) at room temperature when CL and IL are swept
over their entire range of values: CL = 0 to 1xF, IL= 0 to 100mA.

Fig. 15 shows the frequency characteristic of the LDO
Power Supply Rejection (PSR), for CL values starting from
IpF up to 1uF. These characteristics start from the same
low- frequency value, -60dB, have a common zero at 750Hz,
present a peak at a frequency inversely proportional to CL,
then drop with the expected slope of -20dB/decade.

The LDO output noise is shown in Fig. 16 for a load current
of ImA. The main noise contributors are the input transistors
of the fast OTA, of which size was optimized for maximum
speed.

Fig. 17 shows the LDO response to large load variations for
CL=0. At t=100us, the load current jumps from zero up to
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Fig. 16. LDO output noise for IL=ImA.

100mA in 1us; at t=200us the load current jumps back, from
100mA down to zero, again in 1us. The resulting LDO output
voltage undershoot, respectively overshoot, values are detailed
for three die temperatures. At temperatures above 125°C
the leakage currents have a significant impact on the LDO
performance, leading to larger voltage undershoot/overshoot,
and on the LDO precision, leading to a DC offset to the output
voltage.

Another factor that impacts the voltage under-
shoot/overshoot is the rise and fall time of the load
current step. Fig. 18 presents the variation of the LDO output
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Fig. 17. LDO response to load current stepping up from zero to 100mA (at
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from 100mA to zero with Tfall from 100ns to 1us, for CL between zero and
1uF.

voltage undershoot caused by the load current jumping from
zero up to 100mA, when the rise time varies between 100ns
and 1us.

Fig. 19 presents the LDO output voltage overshoot caused
by the load current jumping from 100mA down to zero, when
the fall time varies between 100ns and lus. One notices
that the output voltage variation depends strongly on the
rise/fall time for CL values smaller than 10nF. For CL values
above 100nF the undershoot & overshoot values remain below
115mV, respectively 120mV, for all rise/fall times.
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Fig. 21. Left: Micrograph of the test chip that comprises the proposed LDO.
Right: Zoom-in that reveals the LDO floorplan. High-density capacitors were
not available for this test chip.

Fig. 20 shows the LDO response to load current jumps
related to the three settings that yielded the smallest Phase
Margin values recorded in Fig. 14. The load current was
first set to the values indicated in Fig. 14: 150u A for -40°C,
316uA for +25°C, ImA for +150°C. At t=100us the load
current jumps up to 100mA in 100ns; at t=200us the load
current jumps back to the initial value, again in 100ns. The
LDO output voltage presents a small ringing that settles fairly
quickly; this confirms that the LDO is stable, even if for these
conditions the Phase margin values are under 10°.

B. Silicon Implementation and Measurement Results

The LDO described in the previous Section was integrated
in a larger test chip. Fig. 21 presents the chip micrograph, with
a zoom-in that details the floorplan of the integrated LDO. One
notices the relatively large area occupied by the compensation
capacitors C1 and C2. In future implementations the die area
can be substantially reduced by employing high-density metal
capacitors, which were not available for this test chip.

This Section presents measurement results for the novel
LDO presented in this article, focusing on its main features:
fast response to line and load transients.

First, let us analyse the test setup described in [14] for
measuring the load transient response of an LDO, depicted
in Fig. 22.a). One notices that the gate-drain parasitic capac-
itance of the NMOS, denoted Cpar in Fig. 22.a), creates a
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Fig. 22.  Test setup for investigating the load transient response of an LDO,
a) conventional [14] and b) proposed.
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charge-injection path between the large control signal applied
to the NMOS gate and CL. Therefore, the output voltage
undershoot/overshoot cannot be accurately measured with
this setup [14]. The new test setup proposed in Fig. 22.b)
significantly reduces the charge injection into CL. First,
an NPN, with smaller parasitic capacitances than the NMOS
shown in Fig. 22.a), was used as a switching transistor.
Second, the NPN was placed in a common-base connection,
with the control signal applied to its emitter. The load cur-
rent is monitored in real time, but indirectly: Probes 1 &
2 allow the voltage drop it causes across the load resis-
tor RL to be measured accurately. By using a very fast
OpAmp, with large output current capability (the AD8009
has GBW=1GHz, SR=5500V/us and Iout_max=175mA) the
LDO load current could be stepped up/down with slopes up
to 100mA/us.

Fig. 23 and Fig. 24 show the measured LDO response to
load transients for the extreme values of the load capacitance,
zero and 1uF, respectively. The maximum load capacitor
employed in measurements was 1 ¢ F only for practical reasons,
but the LDO can handle even larger loads, as indicated by
Fig. 14.
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Measurement and simulation results are in good correlation:

- For CL=0F, Fig. 23 gives a measured undershoot of 76mV
and an overshoot of 198mV; these data compare well against
the corresponding simulated results shown in Fig. 17: the
simulated values for the voltage undershoot and overshoot are
89mV and 206mV, respectively.

- For CL=1uF, Fig. 24 shows a measured undershoot of
41mV and an overshoot of 80mV.

The simulated LDO response for these conditions — not
shown due to space constraints - is similar to the one shown
in Fig. 20.

Fig. 25 shows the LDO response to a line jump - that is,
Vin stepping up and down between 1.2V and 1.5V with a
slope of 120mV/us. An output voltage overshoot of 31mV
and an undershoot of 28mV are measured when no decoupling
capacitor is present.

IV. COMPARISON WITH STATE-OF-THE-ART &
CONCLUSIONS

A. Comparison With State-of-the-Art

For a comprehensive comparison of the LDO presented in
Section III against state-of-the art we employ three of the most
popular Figures-of-Merit (FOM) proposed in the literature:

- FOM1 proposed in [19] is effective for comparing LDOs
with widely different values for the quiescent current, 7,
maximum load capacitance Cz, and load current, I7_x:

AVoutJ?kpk -Cp - Iq
2

L_max

FOM1 =

(23)

where AV u_pipk is the maximum output voltage variation
(undershoot + overshoot) caused by a large current load step.

- FOM2 introduced in [20] allows the comparison of capac-
itorless LDOs. It takes into account the rise/fall time of the
load current step, which has a particularly large impact on the
step response of LDOs that operate with no, or only a small
decoupling capacitor, at their output:

AVout?pkpk : Iq
Al
At used in measurement d

Wheré K = the smallest At among desings for comparison
A1y is the amplitude of the load current step.

FOM2 =K (24)
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- FOM3 was proposed in [21] as an expanded version of
FOM2. First, it introduces a sublinear relationship between
AV our_pipk and K; next, it includes a process-dependent factor
— FO4pelay, the propagation delay of a standard CMOS
invertor with fan-out of four — to obtain a process normalized
FOM:

AVout_pkpk (Iq + IL_min)
F04Delay - AT

For all three cases the smaller the FOM value, the better
the LDO transient performance.

Table I lists the main parameters of the LDO proposed in
Fig. 2, and the resulting values of the three FOMs described
above, along with the corresponding data for seven LDO
reported previously, which also use common gate amplifiers.
Table II allows for a direct comparison between the LDO
presented here and a second set of LDOs published recently,
[22]-[28], which use other types of error amplifiers.

The LDO presented in this work can handle the widest range
of CL values, of all LDOs listed in Tables I and II. Note that
an own implementation of the topology proposed in [13], [14]
in 0.13um CMOS was able to handle CL between 40pF and
1uF.

Let us first analyse comparatively the LDO with common
gate error amplifiers listed in Table I. The LDO proposed
here boasts the smallest voltage undershoot, denoted —A Vout
in Table I, two time smaller than nearest competitor, [9].
However, its voltage overshoot, denoted +A Vout in Table
I, is among the largest reported by the LDOs there. Our
LDO ranks second in respect to the maximum output voltage
variation, AV our_pkpk-

The best overall performance measured by the FOMs
defined by (23)-(25), is provided by the LDO described in
this work:

- best FOM1, with a value 39.8 times better than the nearest
competitor, the LDO proposed in [13];

- best FOM2 value, 1.5 times better than the second
best, [9];

FOM3 =K'/ [ } (25)
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TABLE I
PERFORMANCE COMPARISON WITH LDOs EMPLOYING COMMON GATE ERROR AMPLIFIERS
PARAMETER 2] [4] [21] [5] [9] [13] [14] This work
Year 2007 2012 2013 2013 2016 2019 2020 2020
CMOS [pm] 0.35 0.35 0.5 0.18 0.35 0.065 0.065 0.13
FO4Delay(ps)® 90 90 130 47 90 17 17 35
Supply
Voltage [V] 1-1.8 2.5-4 2 1.2 1.8 0.95-1.2 0.95-1.2 1.2-1.5
Output
Voltage [V] 0.9 23 1.5 1 1.6 0.8 0.8 1
Dropout
Voltage [mV] 100 150 123 100 200 150 150 100
Iq [pA] 1.2 7 5.34 3.7 14 13.9 14 0.7
DC Line Reg.[mV/V] 4.75 1 — — — 0.48 12 16.6
DC Load Reg.
[LV/mA] 148 80 - - - 8.03 90 100
PSR [dB] — — - - - -47@10kHz -33@10kHz -30@10kHz"
CL [F] 0-100p 0-100p 100p 10p-100p 0-50p 0-100p® 0-100p® 0-1p
—AVout [mV] - 236" - 277 147 404 230 76
+AVout [mV] — 2279 - - 57 145 133 198
AVout_pkpk=+AVout 9 a)
— (_AVout) [mV] 750 463 585.2 377 204 549 363 274
ILmin — ILmax S0pA-50mA | 50pA-100mA 1pnA-100mA 11851& ImA-100mA 0-100mA 0-100mA 0-100mA
Avg. IL tiis (ns) - 500 100 1000 100 50 132.5 1000
Rise time ratio (K) - 10 2 20 2 1 2.65 20
FOM1 [fs] 36.07 33.03 125.05 14.23 14.56* 7.63%* 50.82 0.19**
FOM2 [mV] - 0.33 0.13 0.28 0.06 0.08 0.13 0.04
FOM3 [V/ps] 6.38 0.72 3.01 29.25 4.49 4.14 0.15

a) Estimated from Fig. 8 in [5]; b) For CL=100pF; c) Values taken from [21]; d) From simulation; ¢) Simulations run on an own 0.13um implementation of the

topology proposed in [13]-[14] shown that it can drive up to 1uF. *Computed for CL=50p; **A CL value of 10pF was considered instead of OF

- best FOM3 value, 4.8 times better than the nearest
competitor, the LDO proposed in [21].

The LDO proposed here also compares well against the
recently published fast LDOs presented in Table II, which
do not employ the common gate topology for their error
amplifiers:

- second best with respect to current consumption. Note that
the LDO with the lowest Iq, [25], has the largest AV o,;_pipk-

- best FOM1 value, 6 times better than the second best, [22]

- best FOM3 value, 4.5 times better than the nearest
competitor, the LDO proposed in [22].

It should be noted that the best values for FOM2 were
obtained by two LDOs implemented in 65nm processes. The
LDO described in this work yielded an FOM2 value close to
the other LDO implemented in 130nm CMOS process, [24],
even if that LDO requires a much larger quiescent current and
can handle a far smaller load current and capacitance.

B. Summary and Conclusions

This article describes a new LDO with fast response to load
transients that can handle any practical capacitive loads.

Starting from a popular common gate OTA with large
slew rate, an improved version was developed for the main
error amplifier: under same biasing conditions it yields a
transconductance several times larger than previous designs
based on the same topology. Also, the OTA output stage, that
drives the pass transistor gate, operates in class-AB. Finally,
a novel frequency compensation was devised for this OTA,
which also helps improve the LDO response to load transients.

It implements a capacitance multiplier with the gain largely
independent of the load current and capacitance, which realizes
an effective Miller-type compensation. Moreover, it helps
improve the large-signal transient performance of the LDO.

An intuitive yet effective approach to the stability analysis
of the proposed LDO was introduced:

- the small-signal representation of the circuit, that included
the main voltage feedback loop and two local, fast current
feedback loops, was reduced to increasingly simpler equivalent
models: first, the local loops were represented by one inner
feedback loop; next, an equivalent single-feedback model for
the entire LDO was derived.

- the return ratio of the resulting small-signal model was
analysed by using Rosenstark’s theorem but avoiding cumber-
some algebraic expressions. Instead of a complete mathemat-
ical analysis, the analysis focused on the interplay between
the voltage and current transfer ratios, considering various
scenarios for the load current and capacitance. This analysis
demonstrated that, for the worst-case situations with respect
to stability, the frequency characteristics of the LDO return
ratio are determined near the unity-gain frequency by the
characteristics of the voltage transfer ratio.

- finally, the relationship between the LDO voltage transfer
ratio and the gain of the inner feedback loop was analysed by
using a graphical method. This yielded key design constraints
that needed to be observed in order to ensure the LDO
stability.

This method for stability analysis can be extended to a wide
class of circuits with multiple feedback loops.
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TABLE II
PERFORMANCE COMPARISON WITH RECENT PUBLICATIONS
PARAMETER [22] [23] [24] [25] [26] [27] [28] This work
Year 2017 2017 2018 2018 2019 2019 2019 2020
CMOS [um] 0.18 0.18 0.13 0.065 0.065 0.18 0.18 0.13
FO4Delay(ps)” 47 47 35 17 17 47 47 35
Supply
Voltage [V] 1.2 1.4-1.8 1-1.4 1 1.3 1.2-1.8 1.2-1.8 1.2-1.5
Output
Voltage [V] 1 1.2 0.8 0.8 0.6-1.1 0.8-1.6 1 1
Dropout
Voltage [mV] 200 200 200 200 200 - 200 100
Iq [nA] 3.14 16.6-31.6 112 0.03 50-190 10.2 43 0.7
DC Line
Reg [mV/V] 0.69 0.13 2.25 - 1 - 0.24 16.6
DC Load Reg.
[LV/mA] 15 2.7 173 1220 40 - 1.76 100
. -65@1kHz -57T@IMHz | . » - -58.8@1kHz -50@1kHz
PSR [dB] 20@IKHz | 53010k, | —22@loMmH, | 24@IMHZ | -35@I10kHz -48.7@10kHz | -30@10kHz"
CL [F] 10p 0-300p 0-25p 10p 0-2n 0-100p 100p 0-1p
—AVout [mV] 220 39 13 487.5 80 190 131.6 76
+AVout [mV] 150 42 22 163.6 77 200 126.3 198
AVout_pkpk=
+AVout — (-~AVout) 370 81 35 651.1 157 390 2579 274
[mV]
ILymin — ILmax [A] 0-100m 0-100m 120p-25m 100n-10m 100p -50m 1m-100m 0-100m 0-100m
Avg. IL tys (nS) 1000 300 10 600 2 100 300 1000
Rise time ratio (K) 500 150 5 300 1 50 150 500
FOM1 ([fs] 1.16 19.52%%* 31.66 1.95 75.66%%, Hkk 40.59 110.89 0.19%**
FOM2 [mV] 5.81 2.93%* 0.79 0.59 0.38%* 2.01 16.63 0.96
FOMS3 [V/ps] 1.96 2.21%* 15.95 3.33 40.72%* 311.93 12.54 0.43

a) Estimated from Fig.19 in [26]; b) From simulation; *Values taken from [21]

Simulation and measurement results performed on a test
chip demonstrated the potential of the novel circuit and
validated the analysis. The LDO was implemented in standard
130nm CMOS process, and its quiescent current was set to
only 700nA in typical conditions. It shown excellent response
to load current stepping up and down between zero and 100mA
in 1us: the output voltage presented an undershoot of 76mV
and an overshoot of 198mV, without decoupling capacitors.

A comprehensive comparative analysis against state-of-the-
art was also presented. Three Figure-of-Merit were used to
assess the performance of the new LDO compared to fourteen
previously published LDOs, designed for similar levels of
supply voltage, output voltage and load current.

The LDO presented in this work can handle the widest range
of load capacitances of all LDOs considered here. Measure-
ments were performed only for CL values from zero and 1uF
but simulation results indicated that the LDO remained stable
as the CL value increases beyond 1« F, over the full automotive
temperature range, -40°C to +150°C.

The improvements to the popular common-gate topology
introduced in this article were validated by direct comparison
against seven LDOs with error amplifiers based on the same
topology. The new LDO came up best in respect to all three
FOM metrics for overall performance, with scores between
1.5 and almost 40 times better than the second best.

Another contribution worth noting is the improved test setup
for monitoring the LDO response to load transient response: it
significantly reduced the charge injection into CL that occurred
in testbenches proposed previously.

; ¥*The average value of Iq was used; ***CL =10pF was considered instead of OF
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