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ABSTRACT

A 220nA ultra-low quiescent bias current capacitor-less low drop-out (CL-LDO) regulator
with improved single transistor control (STC) and adaptive transformation is presented in this
thesis. The STC-LDO handles light load currents (0— 20 ;2A), whereas the adaptive transformation
to 2-stage structure handles medium load currents (20 uA —5mA), and subsequent transformation
of the LDO to a 3-stage structure handles high load currents (5mA — 100 mA). The LDO provides
a 0.9V output voltage and can regulate up to a maximum of 100 mA from a power supply of
1.1 V. Complete load current range (0 — 100 mA) stability is achieved at a maximum load parasitic
capacitance of 100 pF. For a rising load current transient (0 — 100mA), the LDO achieves a
recovery time of 101 ns, and an undershoot of 292 mV is observed at the output. For falling load
current transient (100 mA — 0), the LDO achieves a recovery time of 354 ns, and an overshoot of
42 mV is observed at the output. The structural transformation proposed in this thesis significantly
improves the recovery time of CL-LDO, enabling fast transient response even under ultra-low

quiescent bias current of 220 n A.
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1. INTRODUCTION AND BACKGROUND

1.1 Introduction

Internet of Things (IoT) is considered to be the third revolution in computing, with the first
revolution bringing computing to government and companies, the second revolution bringing com-
puting to the public in the form of desktops, laptops, smartphones, etc. Tiny chips with sensors
will now enable billions of devices around the globe that are connected to the internet, collecting
and sharing data. These chips are expected to function entirely on a battery, and the operating life

of a battery is given by

Batt C it
Battery Life = arery T apacity

(1.1)

Average Load Current

Decreasing the average load current consumed by the application increases battery life. Making
the device sleep longer also extends battery life, but with performance trade-offs. A technology
that extends battery life without affecting performance (power management) becomes key in such
ultra-low-power applications.

Fig. 1.1 shows the components of a typical IoT front-end hardware layer. The power manage-
ment unit (PMU), an important part of the [oT System-on-Chip (SoC), has to deliver the necessary
power to various blocks in an energy-aware methodology. Ultra-low-power operation is achieved
in such SoCs where the system periodically wakes up, captures, and processes sensor data and sub-
sequently goes back to sleep mode. Typically, being idle for the majority of the time, these systems
are configured into standby mode. The expectation in such a system is that the PMU should hold
the output voltage to the desired value with minimum power consumption.

Typically, LDO is the ideal PMU of choice for sensitive analog and mixed-signal circuits.
With ultra-low power applications becoming prominent, the low quiescent power and fast wake-
up feature of CL-LDOs can be leveraged in systems that require multiple power supply to power

up individual local blocks. Such low power, fast wake-up CL-LDOs face the traditional design
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Figure 1.1: IoT interface Soc block diagram[1]

trade-offs were reducing the current consumption to sub 1-uA level compromises transient related
figures of merit (FOM) as illustrated in Fig. 1.2. Additionally, providing loop stability for complete
load current range becomes a key design issue, which needs to be handled at the circuit level with
different frequency compensation schemes. This thesis addresses the above-stated design trade-
off with the adaptive structural transformation between STC-LDO, 2-stage, and 3-stage cascaded

topologies in CL-LDOs.
1.2 Background

Fig. 1.3 shows the typical block diagram of an LDO. It consists of a PMOS pass gate (power
stage) to supply the necessary load current, R; and R, feedback resistors to scale the output voltage
for comparison with Vzgr. The error amplifier compares Vi pr with Vip and adjusts the pass gate

voltage to supply the desired current demanded by the load whilst maintaining the output voltage
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Figure 1.2: Design trade-offs in CL-LDOs

to

R
Vour = Vrer (1 + —1> (1.2)

1.2.1 Relevant Performance Metrics

Fig. 1.4 shows the typical circuit setup of LDO. The circuit in Fig. 1.4 will be used to introduce

performance metrics that are widely used for the comparison in different CL-LDO topologies.
1.2.1.1 Drop-out Voltage, Quiescent Current and Current Efficiency

Drop-out voltage (Vo) is the input to output differential voltage at which the circuit ceases to

regulate against further reductions in V;y [2]. Vpo is given by
Vo = Vin — Vo (1.3)

Quiescent or ground current (/) is the difference between the input (/;) and output current
(Ip) of the LDO, and is given by

Io=In—1Io (1.4)

At no-load condition (I, = 0 and Ip = 0), I;y consumed by the LDO is equal to /. I}, is the
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load current.

Current Efficiency (7);) is a measure of how efficient the LDO is in terms of power consumption



while regulating loads, and is given by

_fo_ o (1.5)
Iiv o+ 1 '

nr

Generally, an increase in /g of an LDO reduces current efficiency.
1.2.1.2 Load and Line Regulation
Steady-state output voltage variations resulting from DC load current changes is defined as the

load regulation, and is given by

AVo  Ror
ANl 1+ BAga Apr

Load Regulation = (1.6)

where Ror, 3, Aga and Apr is the open loop output resistance, is the feedback factor, is the gain
of the error amplifier and is the gain of the pass transistor, respectively.
Steady state output voltage variations resulting from DC input voltage changes is defined as

line regulation, and is given by

AVo 1

= 1.7
AVin B Aga 47

Line Regulation =

1.2.1.3 Recovery Time

The worst case recovery time (t5) of the LDO occurs when the load current varies from low-
est value to maximum value or vice-versa. The delay associated with recovery has two major
components, and is given by

tr =tsr + tpw (1.8)

where tgp is the delay associated with the slewing of the largest capacitor in the circuit (typically

pass gate capacitance), and tgy is the delay associated with the finite bandwidth of the error



correction loop. The expression for ¢tsz and ¢y can be obtained from [3], and is given by

C, Al
tsp = ——- (1.9)
Imp Yo,EA
tpw =471 = (2% settling error) (1.10)
27 f3ap

where C), Gimp, 1o,p4, Nlo and fsqp is the capacitance seen at the gate of PMOS pass transistor,
is the small-signal transconductance of the PMOS pass transistor, is the maximum current that the
error amplifier can supply in the event of a slew, is the change in the load current and is the small
signal closed loop bandwidth associated with the LDO error control loop, respectively (see Fig.
1.3). From (1.8), (1.9) and (1.10) it can be seen that tp is directly propotional to C, and inversely
propotional to f3qp and i, pa. tr can be reduced at the expense of reducing C), or increasing bias

current.
1.3 Literature Review

In traditional LDOs, a large off-chip capacitor in the range of pF', along with an equivalent
series resistance (ESR), is used to generate a left half-plane (LHP) zero, aiding in frequency com-
pensation. This large capacitor also suppresses large overshoots and undershoots in the event of a
fast load current transient. However, it is not practical to integrate such capacitors on-chip, which
limits performance due to bond wire inductance and resistance, and increases printed circuit board
area due to additional I/O pads needed for external connection. Therefore, capacitor-less LDOs
(CL-LDO) have become popular for system-on-chip (SoC) applications [1], [4], [5]. In ultra-low
quiescent current operation, the LDOs typically employ adaptive and dynamic biasing to boost the
bandwidth, thereby aiming to improve transient figures of merit (FOM). Unfortunately, such multi-
stage topologies encounter several challenges like increased settling time, degradation of phase
margin (PM), and increased complexity of frequency compensation when the quiescent current is
further reduced (< 500 nA). Additionally, ESR zero available in traditional LDOs is not available

in CL-LDOs, making frequency compensation at zero-load current even more challenging.



The CL-LDO in [6] consumes only 103 nA, but suffers from significant ringing and large set-
tling time (400 us). CL-LDO in [1] achieves loop stability at light load conditions (1, < 254 uA)
using a combination of adaptive biasing and transistor degenerated compensation. As the quies-
cent current is pushed further lower, this topology, too, will fail as stability is dependent on the
available quiescent bias current.

With the demand for SoC systems to move to a lower technology node with an additional
push to further reduce the quiescent current consumption, the above-mentioned CL-LDO topolo-
gies would trade-off loop stability performance for loop gain, bandwidth, complexity, and other
transient related FOMs.

The flipped voltage follower (FVF) structure from [5] addresses the above-stated problems.
The main features that can be leveraged FVF structure in ultra-low bias conditions are their simple
structure, eliminating the need for minimum load current, and improving stability at no-load con-
ditions with competitive loop performance. The motivation of finding a topology that is stable at
zero load current, independent of the available quiescent bias current and is competitive in terms of
transient FOM, leads us into the FVF based adaptive biased structure with structural transformation

proposed in this thesis.
1.4 Organization of the Thesis

Section 2 discusses the architecture proposed in this thesis. Section 3 provides an analysis
of the circuit level implementation of the CL-LDO. Section 4 deals with the stability analysis
of the CL-LDO across various load current ranges. Section 5 includes simulation results and
compares its performance with the state-of-art CL-LDOs. Section 6 summarizes the research and
includes conclusions drawn as a part of various design trade-offs. Appendix 1 includes process,

temperature, and voltage (PVT) corner simulation results.



2. PROPOSED STRUCTURE

Fig. 2.1 shows the block diagram of the proposed LDO regulator structure. At light-load
conditions (I, < 20 pA), single transistor control LDO (STC-LDO) regulator provides the nec-
essary regulation, whereas the high-power LDO (HP-LDO) regulator is turned OFF. As the load
current increases to moderate levels (20 uA < I, < 5mA), the HP-LDO regulator is activated,
transforming the LDO regulator into a two-stage structure. Further increase of the load current
(I, > 5mA) activates the second gain stage within the HP-LDO, converting the overall topol-
ogy to a three-stage LDO regulator. The distributed overshoot reduction (DOR) circuitry [1] is
designed to handle loads with dI; /dt < 0, where the initial [}, is greater than 20 A. As a result,
the DOR circuit enables fast recovery by reducing the overshoot voltage. The STC-LDO block
is active for the entire range of load currents (0-100 mA); therefore, its quiescent current level is

critical for the overall operation of the LDO regulator.

STC-LDO
VReF Ve Vo
HP-LDO Y
V Ve v
VRer REF Vg Vy © !
I 1 C
DOR Y Y L(D T -
Vs Vx Vo

Figure 2.1: Structure of the proposed CL-LDO regulator



3. CIRCUIT IMPLEMENTATION

3.1 STC-LDO Regulator

Fig. 3.1 shows the STC-LDO regulator schematic. Since the transistors M35 and M4, form a

current mirror, /p14s can be given by

(W/L)mes

—————1Ipi3s = Rlpiss 3.1
(W/L)ar1ss D13 D13 (3.1)

]Dlﬁs =

where R is set to 30 in the proposed design. [pi3s 1s the sum of all currents connected to the

diode-connected transistor M35, which is expressed as

Ipiss = Ipas + Ipss + Ipas (3.2)

In the above expression, /s, is a fixed amount, set by /g and the M, — M, current mirror ratio,
whereas [ps; is set adaptively through the feedback from the Vp node, and Ip,s is dynamically
adjusted by applying the high-pass filtered output voltage V,, to the gate of M,;. The dynamic
current /p4s enables fast recovery of the STC-LDO regulator in the event of a rising load current
transient. For the case of dI;/dt > 0 and I}, ;,;x < 20 pA, the droop in voltage Vj, causes the
current [p4s to increase due to the high-pass filter between V, and the gate of M, composed
of C'js and Rp acting as a differentiator at low frequencies. As a result, an increase in M3, is
observed, which also increases Ipi65s through current mirroring, therefore the current available to
the pass transistor M5 increases. This operation further increases the closed-loop bandwidth of
the STC regulation stage, enabling fast recovery of node V.

The control voltage generation circuit generates the preset output voltage (V). From transistor

Mias, Vorrr can be obtained as

Verre = Vo — Vsa (Misy) (3.3)
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Figure 3.1: Schematic of STC-LDO regulator
From transistor Mg, Vorgr 1S obtained as
Verrr = Veer — Vsa (M) (3.4)

From (3.3) and (3.4) if V¢ of transistors Mo, and Mo, are matched then, Vo7 is obtained as

Vo = Vrer (3.5)

The preset output voltage is set close to Vzpp by biasing both M5, and Mo with the same current
density. From Fig. 3.1 the regulation range inequality Vdd < Vo + Vsgm1,) — VD sat (Miss)
should be satisfied. Fora Vdd = 1.1V & Vp = 0.9V, appropriate choices of Vsg (ar,,,) and
VsD,sat (M;2,) are made to satisfy the afore-mentioned inequality.

The third capacitor in Fig. 3.1, Cs;, provides the dominant pole of the amplifier in a unity-

gain feedback configuration. Once a stable operation is guaranteed, the voltage reference Vypp 1s
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buffered to appear at the source terminal of M.
Table 3.1 shows the sizes of all the component values used in the STC-LDO regulator. All
transistors are realized using high threshold voltage devices. Capacitor Cj; is realized as a MOS

capacitor. Resistor Ry is realized by biasing transistor in the triode region.

Table 3.1: STC-LDO component values

Component Size
My 500n,/500 n
Mg, 500n,/500n
M, 120n/500n
Ms 120n/500n
Mg, 120n/40n

Mps 948 /2000
Mg, 315n,/2007

M 70 1/40n
Ms;, 0.5n/2p
M, 6.2 /1200
M, 6.2 1/120m
Rp 100 k&
033 1p

Cls 1p

Cas 50 fF

3.2 HP-LDO Regulator
3.2.1 Regulator Core

Fig. 3.2 shows the schematics of the HP-LDO regulator, where the amplifier A; and A,
schematics are shown in Figs. 3.3 and 3.4, respectively. The HP-LDO regulator design is based on
[4], with circuit variations adopted to boost the recovery time of this CL-LDO. In moderate load
conditions, transistors in amplifier A; along with the transistor )M3;, operate in the active region.
Transistors in amplifier A, and the transistor My, operate in the triode region and do not contribute

to the gain when the load current is at moderate levels. For high-load conditions (I, > 5mA),

11
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Figure 3.2: Schematic of HP-LDO regulator

My, along with transistors in amplifier A2, enter the active region, and the LDO regulator trans-
forms into a 3-stage structure, where M3, acts as a feedforward path. The bias currents to amplifier
Aj and A, is supplied by the bias circuit. Transistors M;, and My, are switches to turn ON/OFF
the pass transistors My, and Myy,.

Amplifier A, is a folded cascode differential amplifier with wide swing cascode active load
and amplifier A, is a non-inverting gain stage. The cascode current mirror in the active load of A,
improves the gain from the first amplification stage. In light load conditions (I;, < 20 uA), I
and [y is turned OFF by the bias block. Therefore, the power consumption of A; at I;, < 20 uA
is dominated by the leakage current flowing through its transistors. For (I, > 20 uA), Iy, and
Iy- are turned ON by the bias block and transistors in A; enter active region. Capacitor C', is the
compensation capacitor used to place the dominant pole of the HP-LDO regulator within A;.

To illustrate the switching operation from STC-LDO to HP-LDO regulator (see Fig. 1.4),

12



Figure 3.3: Schematic of amplifier A; in Fig. 3.2

Vdd

Vid
Vi O_‘ I:Mm MSEZI M,

Q—OVO

Mas I_:M4b Ve

Figure 3.4: Schematic of amplifier A, in Fig. 3.2

consider the case where /; varies from 0 to 100 mA in 300 ns. At I;, = 0, the HP-LDO regulator
is turned OFF by the bias block, and the STC-LDO regulator is active. As [, increases, the
voltage Vp drops below the lower switching point voltage of the Schmitt trigger. Trip signal V7

enables the bias circuit, thereby turning ON the HP-LDO regulator. For moderate load conditions,

13



only M3y, and transistors in amplifier A; will be in the active region, where these transistors take
about 22 ns to turn-on in the proposed design. Meanwhile, the STC regulation stage, which can
operate up to 5 mA, handles the load currents when dI/dt > 0. The hysteresis band introduced
by the Schmitt trigger makes sure that the voltage Vp has to go above the high voltage switching
point of the Schmitt trigger to turnoff M3, and transistors in A;. The hysteresis band enables a
smooth transition between the STC-LDO and the HP-LDO regulators. Additionally, the closed-
loop output impedance of the HP-LDO regulator in moderate load conditions is less than that of
the STC regulation stage. Therefore, the excess current demanded by the load is supplied by M3,.

The subsequent transformation to a 3-stage topology is achieved by activating My, and tran-
sistors in A,. In moderate load conditions (5mA > I, > 20 pA), transistor M3, in A, operates in
triode region as Ip(az,,) < {m3. The drain voltage of M3, is pulled close to Vdd thereby turning off
Myp. Ip(a,,) 18 set by current mirror between transistors My, and Myy,. Ip(ar,,) 18 set by the adap-
tive scaling between transistors My, and M3;,. In moderate load conditions, as Ip(yy,,) increases
above SmA, Ip(y,,) increases, and subsequently increasing Ip(yy,,). Transistor M3, enters active
region and node V;, of amplifier A; comes below Vdd thereby activating Myy,. Transistor My, sup-
plies the load current in the high load current range (b mA < I, < 100 mA). As the load current
in My, reduces, the HP-LDO regulator transforms into 2-stage, and subsequently, the STC-LDO
regulator takes over in light load conditions by turning off the HP-LDO regulator section.

The HP-LDO is this work is not adaptively biased as in [1] and [4]. Adaptive and dynamic
biasing (which helps in loop stability and improves transient response) is now handled in the STC-
LDO. This gives a degree of freedom by decoupling adaptive biasing out of HP-LDO design,
thereby designing the HP-LDO in a stand-alone fashion.

A scalable bandgap voltage reference (Vrgr = 0.9V) [7] is used in this CL-LDO. A scalable
Vrer enables operation of both STC-LDO and HP-LDO regulator with Vzpr = Vp, thereby
eliminating the feedback resistors ; and R, (see Fig. 1.4) in the HP-LDO regulator. Therefore,
the open loop unity gain frequency (w;) of the HP-LDO regulator is increased by a factor of § =

Ry/(R1 + R»).

14



Table 3.2 shows the component values used in the core of HP-LDO regulator. Transistors M3,

and My, are realized using high threshold voltage native devices to reduce their static leakage

current. All other transistors are realized using standard threshold voltage native devices.

Table 3.2: Core HP-LDO regulator component values

Component Size Component Size
M, Lu/lp My, Tu/lp
M, Lu/lu Moy 6.66 11/200 n
Ms, 33u/lu M, 20 141/200n
My, 33u/lu My, 6.66 11/200 n
Ms, 17/l Msy, 20 4/200n
Mg, 17p/1p My, 10 u/40n
Mz, 17u/1u Moy, 10 u/40n
My, 17p/1p Msy, 400 /40 n
My, 100 /1 p My, 8.94m/40n
Mo 100 /1 Cla 2p
M1 100 /1 I 50 uA
Mo, 16.67 /1 p Ipo 50 nA
Mlga 1667,&/1# IH3 10 /LA

3.2.2 Schmitt Trigger

A Schmitt trigger ensures that switching between the STC-LDO and the HP-LDO regulator is

not abrupt and jittery. Fig. 3.5 shows the schematic of the Schmitt trigger. The size of transistor

Mg _s6 plays a key role in introducing a hysteresis band, and the following discussion provides

details on the design of the Schmitt trigger.

Hysterisis in a Schmitt trigger is defined as

Vi = Vspa — Vspr

(3.6)

where Vspy and Vgpy, is the switching point high and switching point low, respectively. Consider

the scenario where Mg, is on the verge of turning on. Relationship between Vp and Vx can be
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Figure 3.5: Schmitt trigger circuit

obtained from V(g of transistor Mgso.
Ve = Vspy = Vrane + Vx 3.7

Similarly, consider the scenario where Mg, is on the verge of turning off. Relationship between

Vp and V4 can be obtained from Vs of transistor Mgy,.
Vp =Vspr = Vy — Vruy (3.8)

When Mg, is in the verge of turning on. The current flowing in both Mg and Mgs are equal.

Equating the drain currents of Mg, and Mgs.

%(VSPH —Vean)® = %(Vdd — Vx = Veuns)? (3.9)

16



gives
2

Bs _ W Lg _ Vspr
Bs  Ls Ws Vdd —Vspr, — Vrup

(3.10)

Similarly, when Mg, is on the verge of turning off. The current flowing in both Mg5; and Mg are

equal. Equating the drain currents of Mgs and Mgg.

%(Vdd — Vspr — VTHP5>2 = %(VY - VTHP6)2 (3.11)

gives

(3.12)

&_mm_vm—mmr
VSPH - VTHN

By LiWs

Choosing the minimum channel length of 40 nm and using the design equations from (3.12)
and (3.10), size of the components in Table 3.3 is obtained. Transistors were realized using high
threshold voltage native devices (Vyyny = 0.51V and Vrgp = 0.52V) to reduce static leakage
current. The switching point high (Vspp) is set at 0.75V, and the switching point low is set at
Vspr, = 0.35V. The 0.4 V margin ensures that there are no glitches in the output voltage of CL-
LDO. Fig. 3.6 shows input-output characteristics of the Schmitt trigger used in this design. The

targeted switch over point from STC-LDO to the HP-LDO regulator is at /;, = 20 pA.

Table 3.3: Schmitt trigger component values

Device Size

Mgy 120n/40n
Mgy 120n/40n
Mgs 5p/40n
Mgy,  150n/40n
Mgs  150n/40n
Mgs  120n/40n

17
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Figure 3.6: Schmitt trigger input output characteristics

3.2.3 Bias Circuits

Shown in Fig. 3.7 is the bias circuit used to control the HP-LDO regulator. The signal from
Schmitt trigger output (V) is used to generate three independent current sources 1, Ig9, and
I3. As voltage Vi goes high transistor M y3 turns on in saturation. Resistor Ry and the ratio of
Wt/ Ly, fixes the drain current of My ;. Subsequently, bias currents /> and /3 are obtained
by a simple current mirror.

V1 is a short pulse signal with a pulse width equal to "Delay," which is activated during the
rising and falling edge of V. Additionally, depending on the level of Vi, I is either equal to
Iy11 or 111 + 1o The increase in the value of [ in the rising and falling edge of V7, increases
bandwidth, turn-on time and slew performance of the HP-LDO regulator in the event of large load

current transients.

3.3 DOR

The DOR circuit schematic is shown in Fig. 3.8, which aims to reduce the overshoot when the

load current changes suddenly. Consider a sudden load variation from /;, = 100 mA to 0. Due to
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Figure 3.8: DOR circuit schematic

a sudden decrease in the load current, the excess current from My, does not have a discharge path
(see Fig. 3.2). Due to the finite bandwidth associated with the error correction loop of the HP-LDO
regulator, the output voltage overshoots. The addition of a distributed overshoot reduction circuit
suppresses this overshoot. The DOR circuitry [1] is designed to handle loads with dI/dt < 0,
where I ;i > 20 pA. Transistor My, along with Cp, and Rprag provides the first fast local

feedback. With the arrival of the delayed version of the signal to the gate of M,,, the discharge

19



is sustained for a longer time [4]. This overshoot reduction mechanism significantly improves the
recovery time of the LDO. The size of components used in DOR are as follows, Rop = 100 k€2,

Cp=1pF and (W/L)n,,,, = 101 /0.6 p.
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4. STABILITY ANALYSIS

The stability analysis is done for three separate load current ranges shown in Table 4.1. Ad-
ditionally, the table summarizes the topologies that the CL-LDO adopts in various load current
ranges. The values of Ipn; and Ipno chosen for this particular design are Ipy; = 20 puA and
Ion2 = 5 mA. The maximum load current (/ L(mm)) that the LDO can handle is 100 mA. The
following section provides a detailed analysis of the small-signal loop stability of the CL-LDO for

three cases, as shown in Table 4.1.

Table 4.1: Summary of the topologies (CL-LDO) at different load current ranges

Load Current Range | Load Condition | Topology
Casel | 0 < I < Iont Light STC - LDO (single stage)
Case2 | Ion1 < I, < Iono Medium HP - LDO (two stage)
Cased | Iona < Iy, < Iy, (maz) | High HP - LDO (three stage)
4.1 Casel

The STC-LDO regulator supplies the desired load current at light load current (0 < I, < Ipn1)
ranges (refer Fig. 3.1 for STC-LDO regulator schematic). The equivalent small-signal model for
the STC-LDO regulator is shown in Fig. 4.1. Breaking the feedback loop at the gate of the pass
transistor Mj;, and including the loading effect, the loop transfer function can be derived in two
parts as illustrated in Fig. 4.1, Fig. 4.2 and Fig. 4.3, respectively. The variables r,; and g,,; are
the output impedance and the transconductance of transistors, respectively (z can take any of the

transistor subscripts as in Fig. 4.1). Solving for V /V,.4, it can be seen that

Vo 1
= —gonis [ 21| —— 4.1
V;fest Jmid ( ! H SCL) ( )
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Figure 4.2: Stagel small signal model

where Z; is given by

Im12s T'o12s

1
7y = (1 + r‘”“) 4.2)

Substituting the value of Z; in (4.1), Vi / Vs is obtained as

VO o Gmi11s Tolls (r0163 + 7'0125) (4 3)
V;fest T'o16s + T'o12s + Tolls + 9Imi12s To12s Tolls + C1L Tol1s S (7'0125 + rol()’s)
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Figure 4.3: Stage2 small signal model

On the assumption that g,,125 To12s Tol6s >> T16s, Tol2ss Tolls» and simplifying (4.3) further,

Vo /Viest can be approximated as

gmlls Tol6s
VO ~ 9m12s (1 + 7'0135) (4 4)
~ c Tol6s :
Solving for Vgp/Vp (see Fig. 4.3) , the following is obtained.
VFB _ (gm123 To12s T 1) (S To16s (CQS + Ceq) + 9m10s Tol6s T 1)
Vo To016s [32 To12s Ceq (Ceq + 023) + ?”3165 To12s (ngOS Ceq + gm10s Cos + gm12s 023) S+ gmi12s 7%165]
4.5)
where C,, is the total capacitance seen at the gate of M, and is given by
Ceq = Casp + (1 + gmp (Z1]|70115)) Casp (4.6)
The complete transfer function is obtained as a product of Vi / Vs and Vg /Vo.
TF = Z:i; (1 + :Zigi) (ngQs Tol2s + 1) (5 To16s (CQs + Ceq) + gmi12s Tol6s + 1)
1+s gvflLZs (1 + :Zig:) Tol6s [32 Tol2s Ceq (Ceq + 023) + 7%163 Tol2s (gmlOs Ceq + gm10s Cas + gm12s C2s) S+ gmi2s 7'5163]
@.7)

On the assumption that C';, > C.,, the following system parameters are obtained.

23



The dominant pole p; and the non-dominant pole p, can be calculated as,

—1
= 4.8
n=ez (4.8)
— (4.9)
D2 = .
2 Oeq (r012s H T016s)
The internally generated LHP zero is given by
_(ngOS T'o16s + 1)
z ~ 4.10
e To16s (CQS + Ceq) ( )
The low frequency gain (A,.) of the STC-LDO regulator structure is expressed as
mlls TO S
Adc ~ Il (1 + 10 ) (gm12s + ) (T016s H 7aole) (411)
9m12s To12s To12s

From (4.11) it can be seen that the STC-LDO regulator has low loop gain in ultra-low bias
current condition, which offsets the DC output voltage. The control voltage generation circuit
addresses this issue by using an optimal biasing scheme (matched current densities).

Additionally, there is a third parasitic pole (p3) appearing at higher frequencies. The connection
to the load has a stray parasitic resistance, which comes in series with C,. This series connection
of resistance Rr and C, create LHP zero and improves phase margin. Nonetheless, the design
of the STC-LDO regulator does not consider the ESR zero to stabilize the loop as the parasitic
interconnect resistance is not well controlled.

From (4.8), (4.9) and (4.10), it can be observed that at /;, = 0, p; and z; are proportional
to \/Ipigs, Whereas py is proportional to /piss. Additionally, g,,11s becomes very low, and C¢,
reduces to Cgs11s + Capiis. Also, py is independent of the load current and p, appears as a high
frequency pole. An equivalent single pole system can be obtained at /;, = 0, thus achieving a
phase margin (PM) greater than or equal to 90°. As [}, increases, the Miller effect across the pass
transistor M, increases C,, and p, appears at lower frequencies. Internally generated zero z;

partially cancels po, thereby achieving stability for I;, < 20 uA. For 20 uA < I, < 5mA, the
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adaptive current /35 plays a key role in maintaining stability of the STC-LDO regulation stage.

Magnitude (dB)

Phase (deg)

102 104 105 108

Frequency (Hz)

Figure 4.4: MATLAB simulation results from STC LDO (I, =0 - 20uA). Captured small signal
data from schematic level is used to generate the loop response.

The adaptive current biasing scheme also includes a simple current mirror between transistors

M1 and M3, with the mirroring ratio given by

(W/L)yi1s 4000
(W/L)mss 1

(4.12)

In the case of a sudden increase in [}, the pass gate voltage, Vp reacts to this change, and subse-
quently Ipss and Ipi6s increase. With reduced output resistances of transistors in the STC-LDO
regulation stage, p, and z; move to higher frequencies. In conclusion, the internally generated zero
z1 and adaptive biasing enable the STC-LDO regulator to achieve stability for a current load range
of -5 mA.

Fig. 4.4 shows the Matlab level reconstructed loop magnitude and phase response by capturing

the small-signal parameters at the schematic level. The results show good accuracy in the transfer
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Figure 4.5: Simplified transfer function — pole zero map (p1, p2, 21 )

function deduced. Fig. 4.5 shows the pole-zero map for the transfer function of the STC-LDO
regulator. The movement of the system poles and zeros are captured for different load currents.
In conclusion, for 0 < I, < 5mA, the STC-LDO regulator does not have complex poles and

achieves competitive open-loop gain and GBW from light to medium load current conditions.
4.2 Case2

Fig. 4.6 shows the small-signal model when the LDO transforms into a 2-stage structure (refer
Fig. 3.2, Fig. 3.3 and Fig. 3.4 for schematic of HP-LDO regulator). The loop transfer function of

the structure shown in Fig. 4.6 can be deduced as

<1 + sgc—lf>
TF = —A, o 4.13)
(145 Cia Gmsn Ra To3n) (1 + SCiLgilgh + 52 gmfjgf:gh >

26



V| +OmA1 m OV

Figure 4.6: LDO transformation into a 2-stage structure (cascode compensation)

where Ay, is the low frequency open loop gain, ', is the compensation capacitor, C, is the load
capacitance, C'; is the output capacitance of amplifier A; , g,,, 41 is the transconductance of amplifier
A1, gman 1s the transconductance of transistor M3y, g4 18 the transconductance of transistor My,
To3n 18 the ouput impedance of transistor Ms,, and R, is the output impedance of amplifier A,
(refer Fig. 3.2, Fig. 3.3 and Fig. 3.4 for schematic of the HP-LDO regulator). The low-frequency
open-loop gain is given by,

Adc = GmA1 9m3h Rl To3n (414)

The dominant pole of the system is given by

1
- _ (4.15)
b Cra gman B To3n
The gain-bandwidth product (GBW) is given by
GBW = Indl (4.16)

Cla
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The second non-dominant pole is given by

— Gm3hn Cla
= — 4.17
=" 17
The high frequency parasitic pole ps is given by
9mda
= — 4.18
D3 Cr ( )
High frequency zero z; is given by
9mia
= — 4.19
21 Cha ( )

From (4.19) and (4.18), it can be seen that p3 and z; cancel each other. Due to cascode compen-
sation py is pushed to higher frequencies by the cascode factor C,/C;. Non-dominant py o< /I,

and the worst case stability condition happens at I, = Ion; (20 nA).
4.3 Case3

The small-signal model of the transformed 3-stage structure is depicted in Fig. 4.7. The loop

transfer function of the structure shown in Fig. 4.7 can be deduced as

_Adc <1+S£n_142> (1+8 CQ 9m3h )

TF _ 9mA2 9mah
C2 G 52
(1 + 8 Clra gmaz Gman By Ry R3) (1 + s dmih gmf; gcjm 33) (14+sCp R3)

(4.20)
where R; is the output impedance of amplifier A;, R, is the output impedance of amplifier A,,
R3 = (7031 || 7oan) is the output resistance, C, is the load capacitance, g, 41 is the transconductance
of amplifier Ay, g,a2 is the transconductance of amplifier A, g,,3, is the transconductance of
transistor M3y, Gmap 1S the transconductance of transistor My, Gmaq 1S the transconductance of
transistor My,, C', is the compensation capacitor, C is the output capacitance of amplifier A;, Cy
is the output capacitance of amplifier Ay, Cj is the output capacitance (refer Fig. 3.2, Fig. 3.3 and

Fig. 3.4 for schematic of the HP-LDO regulator). The low-frequency gain open-loop gain (Ag.) is
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Figure 4.7: LDO transformation into a 3-stage structure
given by
Ade = Gmar gmaz Gman Ba Ra Ry (4.21)
The dominant pole of the system is given by
= ! (4.22)
= Cha gmaz gman B1 Ro R '
The gain-bandwidth product is given by
dmA1
GBW = (4.23)
Cla

The structure has non-dominant complex poles and the corresponding Q factor is given by

Q _ GmA2 mahn Cy
gzngh Gmaa Co R3
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The magnitude of the parasitic poles is given by

ImA2 Gmahn RS
= ) Ima2 Imih T3 4.25
|D2.3] C Gy (4.25)

From (4.25), it can be seen that the parasitic poles py 3 are located at high frequencies. With
Q) x +/1/R3 and the highest Q appearing at the highest load current condition, the optimized
values were obtained by large g,,3; and ¢,,44, and a small g, 4o making sure the loop response

does not peak due to large (). The fourth pole is given by

B 1
CL Rg

Dy = (4.26)

As load current increases the p, is pushed to higher frequencies.The zeros in the system are given

by
gm4a
= — 4.27
Z1 Cha ( )
2 = _ 9mA2 Gman (4.28)
Cy 9m3h

z1 1s placed just beyond GBW to improve phase response. 29 occurs and very high frequencies and

does not affect the loop response.
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5. SIMULATION RESULTS
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Figure 5.1: Layout

The layout of the critical parts of the circuit is shown in Fig. 5.1. Transistors My, Ms;, and
M1 which are the pass transistors of the STC-LDO and HP-LDO regulator contribute to the
majority of parasitics because of their large size. The parasitic effects due to fringing capacitors
(gate-source, drain-source, gate-drain) and the interconnect resistance primarily limit performance.
Simulation results with post-layout extraction for the critical blocks are provided in this section.

Table 5.1 captures the block level current consumption. The quiescent current consumption at
zero-load condition is dominated by the STC-LDO regulator (< 170nA). By using low leakage
high threshold transistors, the pass gate (M3, and My;,) leakage was restricted to < 30 nA when
the high power structure is turned-off.

The loop gain and loop phase response for the entire load current range (0 — 100 mA) is shown
in Fig. 5.2 and Fig. 5.3 respectively. It can be seen from the simulation results that the loop gain

and GBW increases with an increase in load current. The structure achieves a loop gain (28 dB)
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Table 5.1: Block level current consumption

Block Quiescent Current Consumption
IGmin (NA)
STC-LDO 166.2 0
HP-LDO 28.42
Schmitt Trigger 13.32
BIAS 19.3
TOTAL 227.24

600 =i

; mmm I, = 50mA

40.0- w1 = 100mA
= 2007
Q E
S
0.0-
-20.0-
0.0~
-60.0
-80.0

1|o° 10' 10 10 100 10 106 10 106 10
freq (Hz)

Figure 5.2: Loop gain vs frequency as a function of load current (/;, =0 to 100 mA)

with 100 nA of current in the output stage of the STC-LDO regulator. The loop gain recovers to
40 dB as the load current increases to 500 nA, which is comparable to the low-frequency loop gain
reported in the literature [1],[4].

The transient response for the entire load current range (I, = 0 — 100 mA) at the worst-case

stability condition (C, = 100pF') is shown in the Fig. 5.4. Additionally, Fig. 5.5 captures the
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mmm [, = 20uA

mmm [, = 50mA

100.0 mmm [ = 100mA
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Figure 5.3: Loop phase vs frequency as a function of load current (/;, =0 to 100 mA)

output voltage transient response at various load current ranges. Results from Fig. 5.5 show that
there is no ringing at light loads (I;, = 100 nA), confirming the improved phase margin.

The important stability margins such as gain, GM (Gain Margin), GBW, and PM across various
load current ranges for STC-LDO and HP-LDO regulator are shown in Fig. 5.6 and Fig. 5.7
respectively. It can be seen that the CL-LDO is stable for the entire load current range (I, =
0 — 100 mA) (see Fig. 5.6 and Fig. 5.7).

Root locus of the open loop transfer function (refer (4.7), (4.20) and (4.13)) at 0, 20 uA and
100 mA is shown in Fig. 5.8, Fig. 5.9, and Fig. 5.10 respectively. The absence of right half plane
(RHP) zeros in the transfer functions yields an absolutely stable system.

The performance of the LDO in comparison with state of the art CL-LDO is shown in Table

5.2. The transient (F*OM,) is adopted from [1] for comparison.
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Figure 5.5: Transient response at different load currents

FOM, is defined as

AVvO (Iszn + Imem)

FOM, =K

Al
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Figure 5.6: Gain, GM, GBW, PM as a function of load current (0 - SmA) for worst case C';, =
100 pF' (STC-LDO regulator)
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Figure 5.7: Gain,GM, GBW, PM as a function of load current (20uA - 100 mA) for worst case

CrL =

100 pF' (HP-LDO regulator)
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Figure 5.9: Root locus at ;=20 uA

where K is defined as
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Figure 5.10: Root locus at /;,= 100 mA

The edge time of the compared work

= 5.2
The smallest edge time in the comparison table (5-2)

The CL-LDO in this thesis shows a 5x improvement in the recovery time and simultane-
ously achieves a comparable F'O M to previous state-of-art CL-LDO [1]. This improvement was
achieved by a combination of STC-LDO regulator, adaptively transformed 2-stage and 3-stage
structures, and DOR. Fig. 5.11 and 5.12 shows the rising and falling transient response for a
load current transition 0 — 100 m A and vice-versa. Simulations show an overshoot of only 42 mV
and a recovery time of 354 ns for /;, = 0 - 100 mA load transient after the addition of distributed
overshoot reduction circuitry.

The "Transient response vs. Power consumption" trade-offs for ultra-low-power systems are
built into the FOM; (see Fig. 5.1). To reduce the undershoot to an acceptable 100 mV range re-
quires 3 X increases in the quiescent current consumption. Though the quiescent current is slightly
higher than the quiescent current in [1], the CL-LDO still manages a 5x improvement in the re-

covery time.
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Figure 5.11: Load transient response - rising edge (0 - 100 mA)

Fig. 5.13 shows the PSRR results of the CL-LDO at full load current range. In comparison to
the traditional LDO architecture shown in Fig. 1.3, the CL-LDO in this thesis achieves superior
PSRR performance. The compensation capacitor in the LDO in Fig. 1.3 acts as an AC short for
moderate frequencies. The drain and the gate of the pass transistors are now connected and exhibit
a diode-connected configuration at the output node. Any ripple at V;y appears directly at the
gate of the pass transistor, and subsequently, to Vj as the feedback loop maintains constant output
current.

The CL-LDO in Fig. 3.2 incorporates a cascode compensation, which overcomes the above-
stated supply rejection problem by decoupling the gate of the pass transistors (M3, and My;,) from
the compensation capacitor (C},), thereby yielding a significantly higher power supply rejection
at moderate frequencies. The complete small analysis and the mathematics governing the above

intuitive reasoning can be found in [8] - [9].
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Figure 5.13: Power supply rejection ratio vs frequency at /;, = 100 mA
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6. SUMMARY AND CONCLUSION

The proposed CL-LDO is designed in 40 nm CMOS process. The adaptive structural trans-
formation enables the CL-LDO to achieve a very good recovery time. Additionally, it decouples
the HP-LDO regulator from adaptive bias and enables optimizing the other design parameters of
the HP-LDO regulator in the high-load current range. Complete load current range (0 — 100 mA)
stability is achieved at a maximum load parasitic capacitance of 100 pF'. For a rising load current
transient (0 — 100 mA), the LDO achieves a recovery time of 101 ns, and an undershoot of 292 mV
is observed at the output. For falling load current transient (100 mA — 0), the LDO achieves a re-
covery time of 354 ns, and an overshoot of 42 mV is observed at the output. Overall, the structural
transformation proposed in this thesis enables the CL-LDO to achieve a very good recovery time
with a simultaneous 220 nA quiescent current and is balanced in performance in terms of PSRR
(Fig. 5.13), line regulation (Fig. 5.14), and load regulation. In the future, the improvement of
the low-frequency gain of the STC-LDO regulator can be a vital factor in extending the adaptive

structural transformation to micro-power sensors.
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APPENDIX A

CORNER SIMULATIONS

The LDO was simulated across different process, temperature, and voltage (PVT) corners. The
testing was restricted to check the sensitivity of the circuit and ensure that it was not too sensitive
to PVT. Fig. A.1 shows the sample transient simulation results for /;, = 0 — 100 m A transition at

a worst-case load capacitance (C, = 100 pF').

m (27, TT) m(-40, TT) = (40, TT) = (27, SS) = (-40, SS) = (40, SS) = (27, FF) = (-40, FF) = (40, FF) -
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time (us)

Figure A.1: Transient simulation results (Vo vs time) as load current is switched from 0 to 100 mA,
Temperature = -40° to 40°, VDD = 1.1V
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