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ABSTRACT

An Off-Chip Capacitor Free Low Dropout Regulator with PSR Enhancement
at Higher Frequencies. (December 2010)
Seenu Gopalraju, B.E., Anna University

Chair of Advisory Committee: Dr. Edgar Sanchez-Sinencio

Low Dropout Regulators (LDOs) are extensively used in portable applications
like mobile phones, PDAs and notebooks. These portable applications demand high
power efficiency and low output voltage ripple. In addition to these, the radio circuits in
these applications demand high power supply rejection (PSR). The output voltage of a
conventional DC/DC converter (generally switched mode) has considerable ripple which
feeds as input to these LDOs. And the challenge is to suppress these ripples for wide
range of frequencies (for radio units) to provide clean supply.

Enhanced buffer based compensation is proposed for the fully on-chip CMOS
LDO which stabilizes the loop for different load conditions as well as improve the power
supply rejection (PSR) until frequencies closer to open loop’s unity-gain frequency. The
stability and PSR are totally valid even for load capacitor varying from 0 to 100 pF.

The proposed capacitor-less LDO is fabricated in On-Semi 0.5 pm fully CMOS
process. Experimental results confirm a PSR of -30 dB till 420 KHz for the maximum
load current of 5S0mA. The load transients of the chip shows transient glitches less than

90 mV independent of output capacitance.
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1. INTRODUCTION: THE IMPORTANCE

OF RESEARCH

In the recent years, the world has seen a huge boom in portable electronic
products like cell phones, notebooks, PDAs etc., Most of these products are powered by
a battery which requires power management circuitry to optimize the performance. As a
result, lots of extensive researches have been carried across the world in power
management field to improve various performances and also to reduce the cost of ICs. A
power management circuitry consists of linear regulators (mainly LDOs), switching
regulators (buck, boost converters and charge pumps) and digital control logic. Control
logic helps to change between different voltage levels depending on the demand to
optimize the power consumption and hence extend the battery life. Moreover battery
discharges its voltage with time, but for optimal performance a constant voltage is
required for a circuit. Fig. 1.1 shows the primary role of voltage regulators in a power
management IC.

Since low-dropout (LDO) regulators don’t use a zener diode, they are the most
efficient and highly accurate regulators under the class of linear regulators compared to
shunt or series voltage regulators. Because of these advantages, LDOs are the widely

used linear regulators in on-chip power management ICs.

This thesis follows the style of IEEE Journal of Solid-State Circuits.
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Switching Regulator Output
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Fig. 1.1. Regulated Voltage vs. Battery Voltage

1.1. Increasing Linear Regulators Power Efficiency

Switching regulators output voltage has ripples at switching clock frequency. So

LDOs have less noise compared to switching regulators but efficiency is lesser. Hence

switching regulators can drive these LDOs before driving the load when the difference

between the battery voltage and output voltage desired is larger. An example for the

cascade of switching regulator and LDO is depicted in Fig. 1.2. The ideal efficiencies are

also indicated.

VBatt Switching Vin
Battery —2ov | Regulator 3.1V

Linear
Regulator

n=100%

Fig. 1.2. Increasing Power Efficiency of LDO

Vout

28V
n=90%



1.2. Application of LDO in Cell Phones

The detailed power management circuitry [1] for a basic cell phone is shown in
Fig. 1.3. It is clear that LDOs supply current to Analog/Base Band, Digital and RF
circuits like LNA, VCOs and PA. All these circuits in common demand a clean and
fixed voltage which won’t change with input voltage, output load current and
temperature. Apart from these basic performances, LDOs driving RF circuits are
expected to have better PSR at higher frequencies. The presented research is focused on
improving the PSR of the LDO without using external components. The proposed LDO
can be used to power up RF and analog blocks whose current consumptions are lesser

than 50mA and can operate at 2.8V supply.

Battery LDG/Buck

Flash/ Micro- PA
SRAM phone Control

LDG/Buck

Buzzer

Battery L

Charger Adapter

Fig. 1.3. Detailed Power Management Circuitry in Cell Phones



2. LOW DROPOUT REGULATORS IN GENERAL

2.1. Low Dropout Regulator Classification

LDOs can be classified based on the compensation mechanism used for their
open loop stability. Conventional designs use huge off-chip capacitor at the output to
create a dominant pole and hence increases cost of the LDO. And in some cases it
utilizes the Electrical Series Resistance (ESR) of such capacitors for pole-zero
cancellation. Stability achieved by this manner heavily depends on ESR value which
changes with temperature. An internal zero can be generated to help compensation
without the dependency on ESR and output capacitor. Using such a huge off-chip
capacitor poses several integration issues. A simple Miller compensation guarantees
stability in a capacitor-free fashion. This saves cost and lot of board area and makes the
LDO suitable for SOC design. But this kind of internal compensation has poor load
transient and PSR performances compared to the conventional one. A differential
auxiliary loop can be added to reduce the undershoots and overshoots occurring during
the load transients [2] as depicted in Fig. 2.1. Faster transient response time and hence a
better figure of merit can be achieved by using replica biasing scheme [3] as shown in
Fig. 2.2. The PSR can be improved in a capacitor-free LDO by using a NMOS cascode
over the PMOS pass transistor but it requires charge pump to boost the input voltage [4].
Feed forward ripple rejection technique can be applied to conventional LDO to achieve

good PSR over a wide range of frequencies [5] as shown in Fig. 2.3.
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Fig. 2.1. Block Diagram of Differentiator Based LDO Proposed in [2]

Vin
Vref

Vb

Unity-gain Cout| C*Dlload

Buffers

e

Fig. 2.2. Block Diagram of Replica Biased LDO Proposed in [3]

In this research an output capacitor-free compensation scheme is employed with
the help of Miller capacitor and enhanced unity gain buffer. The proposed technique
enhances the frequency range over which sufficient power supply ripples are rejected
without affecting the load transient response and hence achieving a very good figure of

merit defined in [3] which is indicated below as FOM.
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Fig. 2.3. Block Diagram of Feed-Forward LDO Proposed in [5]

2.2. LDO Design Parameters

A simple LDO architecture is shown in Fig 2.4. Power efficiency for a LDO is
directly proportional to the dropout voltage (Vpg) which is the difference between the
input and output voltage. In general power efficiency is given in (1).

_ Vout * Lout _ (Vin — Vbo) * lout
Vin * Iin Vin * (IQ + Iout)

(1

In (1), Iy is the total quiescent current for the circuit, Vj, is the input power supply
voltage, [, 1s the load current delivered and V,;; 1s the regulated output voltage. When
the load current is zero, power efficiency shown in (1) is not valid and in such case the

quiescent current I quantifies the performance.



Vin !ﬂ_
e ol
EA . H:ng
- nt e Vou
RFﬂ% R — Cou

Fig. 2.4. Simple Two Pole LDO Architecture

In general, the regulated output voltage for V., a LDO depends on the Bandgap
reference voltage (V,.¢r) and is expressed in (2a). Ag, is the open-loop gain of the LDO
and Ag, is the error amplifier gain. Assuming Agy, > 1, V¢ can be simplified as shown

in (2b). B is the feedback ratio which is given in (3).

Aol Rp1 [ Vin]

Vour = (—2 ) (1 + =22 [Vier + —2
out (1 + AOL) ( + RF2> ref + Aga (2a)

V.. ~ h Vin
T B AoLB (2b)
Rp2
= (3)
B Rp1 + Rp2

The loop is usually broken in the feedback, at the positive input of the error amplifier
(EA) to analyze the open-loop stability of the LDO. Line regulation is a measure of
change in output voltage for a change in input voltage. From (2), line regulation can be

derived and it is inversely related to the open-loop gain Ag;, as given in (4).



AVpye 1
AV, AgaB 4)

Load regulation is defined as the ratio of change in output voltage to the change
in load current and it is related inversely to the loop gain as given by (5). Ryt 1s the
effective output resistance of the LDO which is the parallel combination of the resistance
of the pass element (r4sp), total feedback resistance (Rg; + Rg,) and load resistance (Ry)

as shown in (6a).

A\/Out — ROllt
Al 1+ AgLB (5)
Rout = rasp||(Rp1 + Re2)||RL (6a)
1
r ~
dsP }\ILoad (6b)

The dependency of rggp on Ij,5q9 1S shown in (6b). So as load current increases Ryt
decreases for a given channel length modulation factor ().

In LDO, thus high open loop gain (Aq;,) is required to achieve better line and
load regulation. Load Transient is a behavior which occurs when there is a sudden
change in the load current. In a LDO, change from minimum to maximum load current
results in undershoots and maximum to minimum results in overshoots at the output
voltage. The output voltage overshoot is generally limited by the supply voltage (V;,),
but the undershoot can go all the way down to ground potential.

These transient glitches can be reduced by either having a huge output
capacitance (C,,;) or faster loop response time (At) and it is given by (7). Loop response

time (At) is the sum of the inverse of the closed-loop bandwidth of the LDO (BW;,) and



slew rate time (tgg). Since the pass transistors are generally designed for low-dropout
which means lowers V4, at maximum current, they are usually very huge in size and
constitute big parasitic capacitance (Cp = Cgsp + gmpRour * Cgap) at its gate. Cqgp and
Cgap are the gate-source and gate-drain parasitic capacitance of the pass transitor. Slew
rate time (tgg) which depends on Cp, EA’s output stage maximum current capability

(Isr) and voltage variations (AVp) across Cp can be expressed as given in (8).

AV, = Al At
out — out * E (7)
_ CpAVp
SR — ISR (8)
1
AM~x——+4t 9
BWe, + tsr ©)

Thus from (7), to minimize the transient glitches we need either large output
capacitance or from (9), higher BW¢; which means higher quiescent current. Hence
output capacitor-less LDOs shows poor load transients compared to conventional LDOs.
Settling time for output voltage during load transients depends on At and phase margin
of the open loop.

The open-loop transfer function for the LDO shown in Fig. 2.4 has two left hand
plane (LHP) poles and one right hand plane (RHP) zero as indicated in the below
equation.

S
hou(1-237)
OL ngP
(1 + SRPCP)(1 + S‘Routcout)

HoL(s) =
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2.3. General PSR Analysis

Fig. 2.4 shows a simple LDO architecture with two poles given by, Py =

1

and P, = Consider the two cases where P,,; < P, (Conventional

1
RoutCout RPCP.

Compensation) and P,y < Pyt (Capacitor-Free Compensation). The PSR model for this

simple LDO is shown in Fig. 2.5. The transfer function for the PSR is given by (10a).

S
Vour PoutPineAp (1 +p)
Vi 52 + S(Pout + Pint) + APAEABPoutPint

(10a)

Vin + A: Vout
> >
_Z 1+s/P,,
AEA
1+s/P,,

Vref

Fig. 2.5. PSR Model of Simple LDO Architecture

Agpr and Ap = g,pRour are the error amplifier and pass transistor stage gain
respectively and 3 is the feedback factor. In real case the off-chip capacitor used for
external compensation has ESR (Equivalent Series Resistance) and ESL (Equivalent

Series Inductance) as shown in Fig. 2.6 which makes the PSR curve to rise instead of
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moving down at higher frequencies. Corresponding PSR plots for the two cases are
shown in Fig. 2.7 which indicates that high PSR over a wide range of frequencies can be
achieved only if LDO is externally compensated. The pole-zero locations for the

conventional and capacitor-less LDO are shown in Fig. 2.8a and Fig. 2.8b respectively.

ESR

Cout pr—

ESL

= Cout

o

Fig. 2.6. Equivalent Model of Huge Capacitance

20

20

PSR (dB)

40|

-60

80

-100
10

Frequency (Hz)

Fig. 2.7. PSR for Conventional and Capacitor-less Compensations
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It is clear from (10a) and Fig. 2.7 that the PSR starts to degrade after P
frequency for internally compensated capacitor-free LDO unlike the conventional LDO.
So this means for the capacitor-free architecture dominant pole within the loop act as the
zero in the PSR in the transfer function. This conclusion paves the way for a simple
solution of nullifying the zero effect of P,,; by introducing a pole in the PSR which

means a zero in the loop. The required pole Py in the PSR needs to be very close

to Py, so it should be a low frequency zero in the loop. The transfer function for the
desired PSR looks like the one shown in (10b). Assuming a single dominant pole within
the open-loop UGF, a low frequency zero leads to stability issues. Passive low
frequency zero means huge resistance and capacitance, hence even if the stability is
taken care, such a low frequency zero within the loop will affect transient performances
due to slewing. The proposed topology introduces a zero within the loop which doesn’t

affect the stability at all but nullifies the effect of P,,; in the PSR.

PoutPincAp (1+ )

S
Vi [52 + S(Pout + 1:)int) + APAEABPoutPint](1 + m) (103)

Vout _

In the PSR model shown in Fig. 2.5, it is assumed that the only path from V;;, to
Vout 18 through the pass transistor. But the error amplifier used in the LDO loop also gets
bias from the same noisy supply Vi,. To get the actual PSR of the LDO, the error
amplifier path should also be accounted. The following section 2.4 analyses the PSR of

the error amplifiers.
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2.4. Choice of Error Amplifier

The error amplifier’s output is going to drive the gate of the series pass transistor.
The amount of power supply ripples at the output of the error amplifier depends on
whether the gate to drain diode connected transistor is a PMOS or NMOS [6]. For the
PMOS diode connected case as shown in Fig. 2.9a, the PSR can be derived as expressed
in (12) with the help of small signal PSR model shown in Fig. 2.9b. R; and R, are the

equivalent impedance of PMOS and NMOS transistors.

\/ t—A:&‘F irz(Rz[IR1) = V; (11)
ou Rl + RZ mn
. Vin
where iz, = — (assume to be less)
R, E&mp1
_ Vou'c—A _
PSR = = 1 (0 dB) (12)

m

From (12), PMOS diode connected error amplifier passes all the V;, noise to its
output. For a PMOS pass transistor, the source of the pass element is connected to V;j,.
So if same ripples arrive at the gate then the PSR value will be very high at DC for the

LDO since AVg, ~ 0. But the bandwidth of the PSR will be lesser [6].
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Vm@ "—Vout.;
R, liRz R,
s
(b)

Fig. 2.9. NMOS Error Amplifier (a) Circuit (b) Small Signal Model

In the case of NMOS diode connected error amplifier as shown in Fig. 2.10a, the
PSR can be derived as infinite in dB as shown in (14). The corresponding small signal

model is shown in Fig. 2.10b.
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VinRy .

Vour-s = g~ iRl lR2) = 0 (13)
V:
where ig; = % (assumeg . to be less)
1 mN1

Vout—
PSR =22 _ (14)

Vin

From (14), no noise from V44 arrives at the output of the error amplifier with
NMOS diode connection. For a NMOS pass device LDO, the source of the NMOS is the
output of the LDO. So the output follows the signal at the gate of the NMOS. Hence
very low supply ripples are required at the output of the error amplifier. For this case the
NMOS diode connected error amplifier can be used. But NMOS pass device requires the
gate voltage to be higher (V,,¢ + Vi) which means boosted Vj,, for the error amplifier.
For boosting the V;,,, generally charge pumps are used which add cost and complexity to
the circuit [4]. If PMOS pass device is used with the error amplifier shown in Fig. 2.10a,
the DC PSR will be lesser but the bandwidth can be extended compared to a PMOS
LDO using error amplifier shown in Fig. 2.9a [6]. The above discussion can be extended
to folded cascode error amplifiers in the similar way [6]. Irrespective of the error

amplifier architecture, its gain should be as high as possible to have very high DC PSR.
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Fig. 2.10. PMOS Error Amplifier (a) Circuit (b) Small Signal Model

So for the LDO PSR model shown in Fig. 2.5 and related discussion, NMOS diode
connected error amplifier will be a better choice. The summary for the section 2.4 is

tabulated in Table I for PMOS pass transistor LDO.
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TABLE I

PSR SUMMARY FOR PMOS PASS TRANSISTOR LDO

Architecture DC PSR BW
NMOS Error Amplifier High Low
PMOS Error Amplifier Low High

2.5. PSR Background Study in Cap-Less LDOs

In [7] different design methodologies as shown in Fig. 2.11 are discussed for
improving the PSR of a LDO. In R-C filtering as shown in Fig. 2.11a there will be a
increase in power losses and high dropout voltage due to resistance. Two LDOs can be
connected in series like in Fig. 2.11b but there will be higher dropout voltage and
increased power and there is no guarantee that BW of PSR will increase. NMOS cascode
as depicted in Fig. 2.11c requires two charge pumps to boost the gate voltage of the
cascading NMOS and power supply of error amplifier (to provide sufficient drive
voltage for NMOS pass transistor). In the NMOS cascode approach, circuit complexity,
area and power increases. And moreover the R-C filters employed in Fig. 2.11c are of
high value to have very low corner frequency around the BW of the error amplifier. The

circuit shown in Fig. 2.11d suffers from larger dropout voltage and increased power.
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s

RC Regulator

1
Vout

Vout Regulator |,

1T <

(a) (b)

.||_

Charge

(i

Feedback
Circuitry

> Regulator CD

Regulator (E

(c) @

Fig 2.11. Previously Used Circuits to Improve PSR. (a)R-C Filtering (b) Series

Connection of LDO, (c)NMOS Cascod with charge pupms (d) NMOS Cascode with
just RC filtering

In [4], circuit shown in Fig. 2.11d is modified using a charge pump as shown in
Fig. 2.12. The MNC transistor acts as a cascode to pass transistor MP21 and hence help
to achieve high PSR by increasing the resistance from supply voltage to output. In order
to bias the NMOS MNC the gate voltage need to be boosted with charge pump. RC
filtering need to be carried at the gate of MNC to make ripple free bias or else the source
will follow any ripples in the gate and thus degrades the performance of the LDO. The

RC filtering shunts those ripples to ground. In this work the on-chip capacitance used is

60 pF. The worst case PSR achieved is -27 dB over the wide range of frequencies but the
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maximum load current which it can deliver is just SmA which is very less for today’s RF
circuits. The summary for the background study of PSR in reported cap-less LDOs is

tabulated in Table II.

In the literature only very few Cap-less LDOs are concentrated on improving the
PSR compared to conventional LDOs with huge capacitance. Though certain cap-less
LDOs publications show good PSR, they are not supported by a solid mathematical
explanation. In the presented research PSR analysis is carried for the proposed cap-less
LDO which is supported by mathematical derivations and Matlab simulations proving

the concept. The chip’s experimental PSR results also confirm the working concept.

Vet
| —

CLK AV

| Clgluarllﬁ'?pe Reference _‘g\é\/\ﬁ'_{ B’INC

(1.6V)

| Bnpm
_{ F\/outm .2V);

L

Core LDO Regulator (D

Fig. 2.12. PSR Enhancing Circuit [4]
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STRENGTHS AND WEAKNESS OF REPORTED CAPACITOR-LESS LDOs

Reference Architecture Strengths Weakness
Higher power loss
[7] Flg 2.11a ngh DC PSR Larger drop_out
Higher power loss
Larger drop-out
[7] Fig. 2.11b High DC PSR PSR BW improvement not
assured
Area, circuit complexity
(7] Fig. 2.11c High DC PSR and power increases
Larger drop-out
[7] Fig. 211d High DC PSR Increased power
Increase in area and circuit
complexity
Only SmA load current
[4] Fig 212 | PTADMOSU bt
case PSR p y

Large drop-out and hence
poor power efficiency
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3. PROPOSED CAP-LESS LDO

3.1. Architecture

The conceptual block diagram of the proposed LDO is shown in Fig. 3.1a. The
proposed LDO consists of an error amplifier, buffer and pass transistor in the forward
path and in the feedback path Miller and main resistive feedback (3) are present. Fig.
3.1b shows the proposed LDO with the desired Unity Gain Buffer in between the error
amplifier and the pass transistor. The transfer function for the buffer should have a single
zero ideally which will create a pole effect in the PSR and compensates for the
degradation due to the zero effect of the dominant pole with in the loop. The intended

transfer function for the buffer is shown in the below equation.

Vg—1+ R,C
Voe_ Skzlz

But after considering the transconductance and parasitic resistances and
capacitors of each stage are included as shown in Fig. 3.2, the buffer has two poles along
with the desired zero which will be discussed in detail in section 3.1.1. Miller capacitor
Cc is added to create a dominant pole within the loop. Additional pole is created in the
feedback loop using Cr whose purpose can be explained in the following stability
analysis. g,1, R; and C; are the transconductance, output resistance and output parasitic

capacitance of the error amplifier respectively.
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Vi | Error | Voo + \Y pass |V Feedback | V.
oe 0. out eedpaci fb
Amp Buffer " | Transistor ® [
+
Miller |
Feedback [
(a)
Vln Vin Vln

Cout

(b)

Fig. 3.1. Proposed Cap-less LDO’s (a) Block Diagram (b) Architecture

Similarly g,,,, R, and C, corresponds to the buffer stage which is the second stage in

the loop. Here C; is dominated by the sum of gate to source capacitance Cgg and miller

multiplication of the gate to drain capacitance Cgq of the pass transistor as indicated in
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(15a). g,p is the transconductance of the pass transistor which acts as the third stage or

output stage for the proposed LDO. The effective output resistance R, of the LDO is

related to (6). Assuming the pass transistor to be in saturation region, C4s and Cy,4 can be

expressed as shown in (15b) and (15¢) where Wp, Lp, Cox and Cqy are the width, length,

gate-oxide capacitance and overlap capacitance per unit width for the pass transistor

respectively.

CZ ~ Cgs + (1 + ngRout)ng (153-)
2
CgS = §WPLPCOX + WPCOV (15b)
Cgqa = WpCoy (15¢)
o . Pass |
Error Amplifier Buffer ! Transistor
]
Vin Vin CC \_/i_
Vv
&I v ¥ v
Om1 e e Om2 A T I Omp
Vi +/H l _ l VOHt
Rl Cll R2 Ci RFl
Cz: Re _Coutg Ru
A4

TCF

Fig. 3.2. Proposed Cap-Less LDO with Parasitics
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3.1.1. Unity Gain Buffer

The buffer shown in Fig. 3.3a has resistor Rz and capacitor C; which form the
feedback network. The transfer function for the unity gain buffer can be indicated by
(16) without making any assumptions. The transconductance g,,, stage should have
very high input impedance, high output impedance and the parasitic pole at very high
frequency.

E _ gm2R2(1 +sCzRz) (16)
Voe 1+ ngRZ + S(chz + R2C2 + Csz) + SZ(R2R2C2CZ)

By assuming (g,2R,) >> 1, (16) can be simplified to transfer function shown in (17)

Vg 1+ SR2CZ

Voo .S RyCz\ , s2
1+&m(g44h+ R2)+&MU§QRQ

(17)

From the pole-zero plot of the buffer as shown in Fig. 3.3b and the buffer‘s
transfer function indicated by (17) it is clear that the buffer has two complex poles and
one zero. It is also clear that the gain of the buffer is unity from (17). Let A; and B, be
the coefficients for the denominator polynomial of the transfer function of the buffer for
simplification. The complex poles move to higher frequencies as load current increases

because the parasitic capacitor C, decreases.

_ GCzRy

1
8m>2

1 RzCz
By = —(C; + Cz +°2%)
1 8mz2 2 z R
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xX
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Fig. 3.3. Unity Gain Buffer (a) Architecture (b) Pole-Zero Map
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3.1.2. Miller Feedback
The miller feedback network between the output of the LDO (V,,;) and the
output of the error amplifier (V,,.) depicted in Fig. 3.1b alone is shown in Fig. 3.4. Since
any change in voltage difference across a capacitor results in a corresponding current
through it, the miller capacitance can modeled as transconductance considering only the

feedback path. The transfer function from V,,; to V. is indicated in (18).

Fig. 3.4. Miller Feedback

Vout= SCCRl
Voe 1+4+SR;C;

(18)

Generally C;, the parasitic capacitance at the output of the error amplifier
including the input capacitance of the buffer is smaller than the miller capacitance Cc.
The feed forward path through C. from the output of the error amplifier (V,.) to the

output of the LDO (V,,;) results in a RHP zero (wzc) whose frequency is indicated in

(19).
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wzc = +¥ (19)
C

The transconductance g,p is related to the load current (I;,,4) and size (V—:) by

the following equation where p is the mobility and Cqyx is the gate-oxide capacitance of

the pass transistor.

Since the size of the pass transistors are huge, even for a minimum load current
the transconductance g,,p is higher and hence wyz, will be at very higher frequencies
compared to the UGF of the LDO which can be related to (20). Hence wz. can be
neglected.

UGF po = 22 g (20)

3.1.3. LDO Feedback Network

The feedback network as shown in Fig. 3.5 has the transfer function expressed in (21).

RE2
B = Ve, Rp1 + Rpp @1
Vout 1 + sC RFIRFZ
F(RFl + RFZ)

In the design, let’s assume Rg; = Rg, = R which makes the feedback gain of 0.5 and

$0 Vout = Vref  With this assumption (21) can be simplified as indicated by (22).
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VOUt

Rr1

Fig. 3.5. LDO Feedback Network

1

B - 2+ SRFCF (22)

Let the pole introduced in the feedback network be wp,which can be indicated by the

following expression.

3.2. Stability Analysis

The stability analysis can be carried for the proposed LDO by opening the loop
in the main feedback at the non-inverting input of the Error Amplifier and it is shown in
the Fig. 3.6 in block level. To make the analysis simpler, first consider the Miller
feedback loop alone which consists of the unity gain buffer, pass transistor and the miller
capacitance Cc.

The Miller feedback loop transfer function (H; (s)) can be indicated using (23).
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( 1+ sR,C, ) <_ 8mpRout )
H, (s) Vout (1+sB; +s%A,) 1+ sRyutCout
S = =
! Voe 14+ ( 1+ sR,C, ) ( 8mpRout ) ( sCcRy ) (23)
(1 +sB; +s2A;)/\1 + sRyyCout/ \1 +sR;Cy
H, (s)
S v |
Error Amp : Buffer TraF;lisizt or : Feedback (R)
Viwr | I Voelt y 1+SRZC22 . ~ImpRout | Voutl 1 Vib
> T >
1+sR1C1 > 1+331+5 Al 1+sRoutCout I 2+sRFCF
I ’ T I
I I
I I
I C I
| c < |
: 1+ sRlC1 :
I Miller Feedback I
L - - - - - ___ ]
Fig. 3.6. Block Diagram of Proposed LDO
Vv N, (s
Voe  Di(s) (24)
Now numerator polynomial Ny (s) is given by,
N1(s) = —8mpRout(1 + sR;C)(1 + SR, Cy) (25)
Denominator Polynomial (D, (s))
D1 (s)
S RzCy s?
= (142 (Co + G2 +7E2) + = CoCaRy) (1 + sRouCoud L +SRICD + (26)

(1 + sRzCz)gmpRoutsCcRy



Thus D4 (s) is a polynomial with degree 4.
Let’s assume D, (s) in the following form for simplification,
Dl(S) = 1 + dls + d252 + d383 + d4S4

where d,,, n =1 to 4 are the assumed coefficients of denominator polynomial D, (s).

TABLE III

DENOMINATOR D, (s) COEFFICIENTS WITHOUT SIMPLIFICATION

31

Coefficients Expression

RzCz

1
dl R]_Cl + Routcout + g_ (CZ + CZ +

m2

) + ngRoutRlcc
2

1 R,Cy
Ry CaRoueCout + 7 ((Ca + Cz + = 7) (RaCs + RoueCout)
2

m2
d;
1
+ —C3CzR7 + 8mpRoutR1CcRZCy
m2
1 R,C,
d3 — CZCZRZ(Rlcl + Routcout) + (CZ + CZ + R—)RlclRoutCout
m2 2
1
d4 - (RoutcoutRZCZRlclcz)
m?2

For all Load Currents the following assumptions can be made,
(i) RZCZ > Routcout
(i1) R; » Rz > R, > Ryut

(i) Cy,>Cz>Cc>Cy
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In the above assumptions, the maximum value of C,,; is considered to be 100pF
which is a fair assumption for a capacitor free LDO delivering S0mA of current. With

these assumptions we can simplify D; (s) which is expressed in Table IV.

TABLE IV

DENOMINATOR D, (s) COEFFICIENTS WITH SIMPLIFICATION

Coefficients Expression
dl ngRoutRlcC
d, gmpRoutR1CcRzCz
1
d3 — (CZCZRZ(Rlcl + RoutCout))
Em>2
1
d4 — (RoutcoutRZCZRlclcz)
m2

Now the denominator polynomial D; (s) can be expressed as shown in (27).

D;(s) =

1+ 5gmpRoutR1Ce + $8mpRoutCeR,C Ry + 57 (ZZRzEist Routtou) )

8mz2

(27)

+S4 (RoutcoutRzCle(:lCZ)

gm>2

By taking (1 + sgypRoutR1Cc) in common and multiply and divide by (1 + sRzCz) in
(27) and at frequencies higher than (ﬁ), 1+ sR;C; = sR;C; and D,(s) can be
ZVZ

further modified as shown in (28).
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D;(s)

=1+ RyutR1C.)(1 4+ sR,C 1+
( S8mpRouthti c)( Sky z)( S< g o8 oRo R, Co

+ 52 ( Coutclcz )
gngmPCc

By substituting N (s) from (26) and D, (s) from (28) into H; (s) indicated by (24),

CZ (R1C1 + Routcout))
(28)

VO ut
VO e

Hi(s) =

gmpRout(1 + sR,Cy )

C,(R1Cy + RyuitCout) C...C.C
1+ R y,+R4C 1+ (2 1-1 out 011t)+ 2( 0ut12)
( "BmpTout™1 C) < > 8m28mpRoutR1Cc > 8m28mpCc

Now the open loop transfer function of the LDO (Hqy,(s)) can be expressed as in (29)

Vib gm1R1 ) ( 1 ) (29)
H = — = —:-- H
on($) = ¢ - <1+SR1C1 13T 5RG,
Vo
H = —
o.(s) 7
_ —ZmpRout8m1R1
C,(R{Cy + RyytCout) C...C,C
1+ R,utR+{C 1+(2 1-1 OUtOUt)_I_ 2( out12)
[( S€mpRouth1 c)< S g o RouR;Ce S Zrm28mpCo 0

(2 + SRfo)]
At no load or minimum load condition, Ry, will be higher in the range of few
tens of Kilo ohms. Thus R,,;C,,t cannot be neglected compared to the R;C;. Hence the

open loop transfer function Hqy,(s) will be same as expressed in (30).
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Rout Will be in the range of few tens of ohms during the full load condition and
hence RyytCout K R1C;. Thus the open loop transfer function for the full load can be re-

written as shown in (31).

Viv
H =—
oL(s) Ve
_ gmpRoutgmlRl (31)
C.C CoutCsC
1+ sgmpRoutR1Co) [ 1+ ( L )+2<—°“t12>
[( ngp out™1 C)< S gngmPROUtCC S gngmPCC

(2 + sR¢Cy)]
From the open loop transfer function Hgy (s) shown in (30) and (31), the following
conclusions are clear,
(i) R, and C, have no effects on the loop stability

(i1) There are totally 4 poles effectively.

1

pp=—«——
! ngRoutRlcc

where P; is the dominant pole

P; and P, form complex pole pair whose frequency w,, is given in (32).

gngmPCc
~ e 32
@n I CoutC1C (32)

Though R, and C, don’t affect the loop stability, it helps to improve the PSR of the LDO

which is explained in section 3.3. If the open loop transfer function Hqy,(s) is considered
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without R, and C, in the buffer, the effect of complex pole pair will be lesser resulting in
better gain margin (lower magnitude peaking). This is clear from schematic simulations

shown in section 4.2.1.

3.2.1. Stability Condition

The non-dominant complex poles can be pushed to 5 to 6 times the UGF by
keeping the transconductance of the buffer stage g,,, sufficiently high at the expense of
power. The non-dominant complex poles result in magnitude peaking which will affect
the gain margin GM and hence result in instability and poor transients. The pole P, can
be placed in between the UGF and w, such that additional -20dB per decade can be
achieved and hence the magnitude peaking can be reduced further. The condition
expressed in (33a) should be satistied for a phase margin PM > 60° and atleast a GM of
10dB in worst case. For a phase margin PM > 45° P, > 1.4 x UGF. From (20) and (32),

(33a) can be further written as (33b).

2.2 % UGF po < P, < 0.6 * wy, (33a)

8m1 2 gngmPCc
2.2 % B < < 0.6 * /— (33b)
Cc RpCr CoutC1C;

The dependency of w,, on the load current variation can be explained with the

relationship indicated in (34).

SmpP gmp 1
W = = ’ 34
B \[CZ \/gmpRouthd Routcgd ( )
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Though Ry, for a LDO is given by (6), it can be approximated to rqg pass roughly. The
Idspass €an be easily written as shown in (35) for saturation operation where A is the
channel length modulation factor which depends on the technology. Thus (34) can be
modified to (36) which explain that complex poles move to higher frequencies when the
load current is increasing. The bode plots of the Hg, (s) shown in Fig. 3.7 for different
load conditions proves the w, movement with load current. As expected in a capacitor

less LDO, the worst case for the stability occurs for the minimum load condition.

1

—_— 35
}\ILoad ( )

Fds,pass =

. (36)

WL R =4/ ILoad
out

The pole-zeros movement with load current for the open-loop transfer function Hqy,(s) is
shown in Fig. 3.8. As load current increases, the complex poles and the dominant pole

move to higher frequencies as shown in Fig. 3.8a and Fig. 3.8b respectively.
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3.3. PSR Analysis
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Fig. 3.9. PSR Modeling for the Proposed LDO
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The PSR modeling for the proposed LDO is shown in Fig. 3.9. It is assumed in
the model that the only path for the noise from supply V;, is through the pass transistor.
g4sp 18 also modeled to account its effect on the PSR. So from the previous discussion in
section 2.4 about [6], to make the model valid PMOS error amplifier with NMOS diode
connection need to be used in the design. Since the buffer is already in feedback by
itself, its PSR is shaped and will have the DC gain as the inverse of the open-loop gain

of the buffer (g,,2R5). So the PSR of the buffer can be neglected assuming the open loop

gain bandwidth of the buffer (gclz) satisfies the condition indicated in (37a). UGFpg is
2

the open loop unity gain frequency of the LDO. The condition (37b) need to be satisfied
to improve the PSR and this determines the values of required Rz and C; which will be

clear at the end of the section 3.3.

gﬂ> UGFLDO =@B (378.)
C; Ce

1
P, < <Rz Cz> < UGFypo (37b)

From (37a) and (32), increasing the g,,, helps both stability and makes the PSR
of the buffer be neglected for sufficient high frequencies. But increasing g,,, means
burning more power in the buffer stage because in general the transconductance g,is
related to the drain-source current Ipg by (38) where p is the mobility, Cox is the gate-

oxide capacitance, W is the width and L is the length of the transistor.

Z*IDS

W) (38)

o HCox (r
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3.3.1. Error Amplifier Transfer Function for PSR
From [6] it is also clear that if high PSR error amplifier is used for a simple
miller compensated capacitor less LDO as shown in Fig. 3.10, the BW of the PSR is

increased by the gain of the pass transistor (g,pRout)- This means in the PSR transfer

function, the zero which makes the PSR to degrade will be at frequency ( ﬁ ) instead
1%C

1
R1gmpRoutCc

of (

Vref
| Voe \
: [
— RS &=<C, \
: : Ce
High PSR

Error Amplifier

Vin
%;

V>out
%RF‘I

Fig. 3.10. Simple LDO with Miller Compensation

It can also be explained intuitively why the miller effect is not seen if a high PSR error

amplifier is used using Fig. 3.11.
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Fig. 3.11. Miller Multiplication

From Fig. 3.11 it is clear that the capacitance at the input node V,, is multiplied

(o]

by the gain Ap= ‘(}

%, For PSR the input is considered to be the noise in supply Vi, and if

o

high PSR error amplifier is used, then it rejects most of the noise and so in that case no
input V. to the pass transistor stage. If there is no input, there is no gain Ap which can
be defined and hence the effective capacitance at the V,¢ node is just C¢ instead of (1 +
Ap)Cc. This discussion can be easily extended to the proposed LDO for PSR modeling
shown in Fig. 3.9 and thus the high PSR error amplifier is modeled with a pole indicated

by (39) which doesn’t show the miller effect.

1

Po=—
°¢ =1+ sR,Cc

(39)

3.3.2. PSR of Proposed LDO
On solving the transfer function from V;, to V,,; the required PSR can be

derived as expressed in (40) using Mason’s rule.
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Vout
Vin
Rout(8mp + gdsP))
= ( 1+ SRoutcout (40)
1+ Sl:;{out — |gase + nggmlRSl(1 + sRzCz) —c -
out™out (2 + sRgCp) (1 + sR,Cc) (1 + = (Cp + G+ £ L) + —cchRz)
8m2 R, 8m2
Let us represent (40) in the form shown in (41) for simplification.
Vout . N, (s) (41)
Vin D, (s)

With the assumption C, > Cy for all load currents the numerator polynomial N, (s) can be

expressed as indicated in (42).

N, (s)

RZCZ)

s
= Rout(@mp + 8asp) (1 + sR1Cc) (2 + sRgCp) (1 + -~ (Cz + R
2

m2

(42)

SZ
+ - CZCZRZ>

8m>2

For the minimum load current the parasitic capacitance C, at the gate of the pass
transistor is very large since the gain of the pass transistor is high and ggsp < gn,p. Hence N5 (s)
for minimum load current can be modified as shown in (43). For maximum load condition

N, (s) is still same as shown in (42).

N, (s)

S g2 (43)
== ngRout(l + SR1CC)(2 + SRFCF) <1 + _Cz + _C2CZR2>

m?2 m?2

The denominator polynomial D, (s) is represented in (44) without simplification
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D, (s)

= (1 + RoutgdsP + SRoutCout)(2 + SRFCF)(]- + SRlcc)
(44)

RzC 2
(14 (o +7£2) + = CyC5Ry,) + gmpBmi RiRour(1 + 5R7C7)
With the assumptions R;C¢ > (RoutCout, RECg), C; > Cz > Ccand R; »> Rz > R, >
Rout for all the loading conditions D, (s) can be simplified as shown in (45)

D, (s)

= nggmlRlRout + ngpgmlRIRoutRZCZ

+s?

RzCz | G
R1CC 2RoutCout + (1 + RoutgdsP) (RFCF + g + _>

3
S
+— [2R1CC(1 + RoutgdsP)CZCZRZ]

m2

4
S
+— [R1CCC2CZRZ(2RoutCout + (1 + Routgds)RFCF)]
m?2
SS
+ -~ RoutCoutRFCFR1CcC2R7ZC7 45)

Assuming ggsp = ﬁ dominates in the output resistance R, denoted by (6) for all load

currents. Then Ryy:g4sp = 1 and hence D, (s) can be simplified further as shown in (46).
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D2 (S) = (1 + SRZCZ) (nggmlRlRout

2s R]_CC R2CZ
g; E(ngRoutCout + ngRFCF + RZ + CZ)]
452 s3
+— R1CCCZ +— [R1CCC2(R0utCout + RFCF)]
8m2 8m>2
254 (46)
+— RoutCoutRFCFRlcccz
m?2

By taking g,p8m1R1Rout in common (46) can be modified to (47).

D,(s) = nggmlRlRout(1 + SRZCZ) <1

RzCz

2

2s [ CC

RZCZ (ngRoutCout + ngRFCF +

gngmPgmlRout

+C )] + 47 CeC
g gngmPgmlRout ¢

2s3

gngmPgmlRout

[CCCZ (Routcout + RFCF)]

LB R )
gngmPgml oUtTREFRCR2 (47)

Let’s analyze D,(s) expressed in (47) for different load conditions. Let the
maximum value for the C,,; be 100pF. Even if no output capacitance C,,; is added, still
there will be parasitic drain to bulk (Cqpp) and drain to gate (Cgqp) capacitance of the

pass transistor which will be in the order of few pFs depending on the technology. Thus
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Cout can be related to (48) in which 0 to 100pF is the explicitly added capacitance
contribution.

Cout = Capp + Cgap + (0 to 100pF) (48)

For minimum load current condition D,(s) will have the same expression as

shown in (47). When maximum load current is flowing through the pass transistor, Ry

is in ohms range and C, will be smaller and hence C, < %CZ can be assumed. The
2

denominator polynomial D, (s) for full load condition can be represented using (49).

D, (S) = nggmlRlRout(1 + SRZCZ) <1

n 2s [ CC ( R.Ch + R2CZ>]
gngmPgmlRout RZCZ Sm2 R2

+ 457 CeCy + 257 [CcCoR:Cy]
gngmPgmlRout ¢ gngmPgmlRout Cr2EE

+ 25" CoutRpCrCcC ) (49)
Em28mP8m1 OUETFHRCR2

From (47) or (49) and (42) or (43) it is clear that the PSR for the proposed LDO
constitutes five poles and four zeros. By using Matlab and plotting the location of the
poles and zeros as shown in Fig. 3.12, it is also clear that four poles and two zeros are
complex for all loading conditions. Considering only the poles and zeros within the

open-loop UGF of the proposed LDO for further simplification, all the complex poles

and the zero (&) can be neglected. Hence PSR of the proposed LDO for minimum
FY“F

load can be given by (50) and for maximum load by (51) which are valid till the UGF pqo
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of the regulator after which the loop dies. Simulink simulations for the PSR model

shown in Fig. 3.9 are illustrated in Fig. 3.13 for different load conditions.

x10

1.5} o~
1r ILead Increasing ~=~.

0.5F

Imaginary
=]
x
®

-0.5¢

2 :
o (Real) x 10

Fig. 3.12. Pole-Zero Map for I;,oap min and ILoaD max

s s?
Vout B (1 + SR1CC) (1 + gECZ + %CZCZRZ>

a2
&
ink
Ll
dab
L =1
[~

Vin gmlRl(l + SRZCZ)
S R2CZ SZ
Vour _ (8mp + 8asp) (1 + sR;C¢) (1 te— (Cz + R—z) + %CZCZRZ)
Vi gmp8m1R1(1 + sRzCy)

(50)

(1)

So within the UGFypq there is a pole at the frequency (ﬁ) , a zero at the frequency
YAYA

8

(R 1c ) and a complex zero pair. By applying the approximation 22£ << 1 to (51), the
1%C P

8m

DC gain of the PSR is the inverse of the error amplifier gain (g,,1R;) for all load
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conditions. The importance of R; and C; is clear from the PSR expressions and
Simulink plots shown in Fig. 3.13. The pole effect created by R; and C; helps to nullify
the effect of zero created by R; and C¢. Adding to this the complex zero pair will result
in a magnitude dip. In a conventional capacitor free LDO, within the UGF there will be
only a zero created by the dominant pole. Thus the proposed topology introduces a zero
within the loop which doesn’t affect the stability at all but improves the PSR till
frequencies closer to the UGF;pgo. The pole created by Ry and C; together with complex

zeros play an effective role in improving PSR.

20 R AR R I A R R AR R

Min; Ligiid

T Max Load |1

PSR (dB)

...........

80 | iiiii:riiﬂ AR R IR R TE :::..::i= : ii:::::ig R RETE
10’ 10° 10° 10* 10° 10° 10
Frequency (Hz)

Fig. 3.13. PSR for Different I} gap
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4. TRANSISTOR LEVEL DESIGN AND SIMULATION (0.5pm)

4.1. Transistor Level Design

The transistor level implementation of the proposed cap-less LDO using ON-
Semi 0.5um CMOS technology is shown in Fig. 4.1. The main specification for which
the proposed LDO is designed is listed in Table V. Transistors My, M;_s and Mg forms
the folded cascode error amplifier. Folded cascode architecture is chosen to achieve as
much DC gain as possible from a single stage error amplifier. The transconductance of
transistors M; defines the effective transconductance g,,; of the error amplifier. The

buffer is designed using a simple differential pair formed by transistors M, and M, _g .

Error Amplifier Buffer Pass

Vin Transistor
e

My,

1 Me
% Vout
Rz
M, M, J— Req
V'b 4 ?R ::Coul

f L
c |

,\ﬁ[ M, 'FF Rez

Cc

I(
I\

Fig. 4.1. Proposed Cap-less LDO Transistor Level Design in (0.5pum)



49

TABLE V

PROPOSED LDO MAIN SPECIFICATIONS (0.5um)

PARAMETER VALUE
Vin (V) >3.1
Vout (V) 2.8

ILoAD,min (HA) 100

ILoAD,max (MA) 50

Cout (PF) 0-100

The effective transconductance g, of the buffer is given by the
transconductance of the transistors M,. Transistor Mp indicates the pass transistor for the
proposed LDO and its size is determined using (52). Vpgis the drop-out voltage defined
by (53). Length is kept at its minimum value of 0.6pum available in this technology. pp
and Cpx are the mobility and gate oxide capacitance of the PMOS respectively which
can be found in the associated technology files. The transconductance g,,p corresponds
to the transistor Mp. The biasing circuitry for the proposed LDO is shown in Fig. 4.2.
The resistor Rg is externally connected resistance to generate the bias current for the

LDO.

(W) _ (Vpo)? * pp * Cox
Pass

7 (52)

2 * I, 0AD,max

Vbo = Vin,min = Vout = 300mV (53)
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TABLE VI
DESIGN PROCEDURE
PARAMETER DESIGN EQUATION DESIGN SPECS
Pass Transistor 52 Vbo, ILoAD,max
Sm1s Rl 20 DC Gain , UGFLDO
Ce 20 UGF, o
Cr 33b PM, GM
Zm2 33b wy, PM, GM
Ry, Cy 37b PSR

4.1.1. Step by Step Design Procedure
Step 1. The design of the LDO starts with the pass transistor. Using (52) and assuming
Vpo = 300mV and maximum load current as 50mA, the size of the pass transistors are
determined.
Step 2. Next the error amplifier stage is designed such that the DC gain (g,,1R;) is
greater than 60 dB. So from the DC gain of the amplifier, transconductance g,,; can be
determined using generalized (38).
Step 3. This g, also helps to find the required C¢ from (20) assuming the UGF;pg as
800 kHz.
Step 4. From the determined Cc, condition indicated by (33b) is used to fix the
capacitance Cg.
Step 5. Then g,,, of the buffer is calculated using condition (33b). Assuming a
maximum current of 100pA through the buffer, the sizes of the transistors can be found

using (38).
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Step 6. Finally the R; and C; values can be found by using (37b) which will help to
nullify the effect of the dominant pole P; on the PSR.

The design procedure for the proposed LDO is illustrated in Table VI. The
biasing circuit showed in Fig. 4.2 is started with the assumption of reference bias current
of about 2.5pnA through the external resistor Rg. And this current is mirrored with 1:1
ratio through transistor M;, which results in 2.5uA bias current in all the transistors in
the biasing circuit. The transistors are sized such that they operate in deep saturation. For
robustness the operating conditions for each transistor are checked such that the
minimum Vg, 1s above 100mV, difference between Vg and Vg, 1s above 100mV and
difference between Vgg and Vi, is above 30mV. Vygye is the drain-source saturation

voltage and Vi, is the threshold voltage for the transistor. The final circuit parameters are

given in Table VII and Table VIII.

Vi
M 7] Ve Moo, [ M
R
% Ms :“ ”: M2
VBZ
VBN |
LR EE ~{

Fig. 4.2. Biasing Circuit for the Proposed LDO (0.5um)



TABLE VII

FINAL ACTIVE CIRCUIT PARAMETERS (0.5pm)
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FINAL PASSIVE CIRCUIT PARAMETERS (0.5um)

TRANSISTOR W (um) L(um) Ip(HA)
M, 12 1.2 2.5
M, 48 0.6 50
M, 24 2.7 5
M, 12 2.7 2.5
M- 19.8 24 2.5
M, 10.8 24 2.5
M, 80.4 0.6 50
Mg 432 3.0 100
M, 21.6 3.0 5
My, 10.8 3.0 2.5
M, 2.7 7.0 2.5
M, 2.7 3.0 2.5
M, 10.8 3.0 2.5
Mp 14400 0.6 14

TABLE VIII

PARAMETER VALUE
Ce 3.46pF
Cg 1.4pF
Cy 16.8pF
Ry, 900kQ,
Rg1, Rpp 100k

4.2. Schematic Simulations

Spectre simulator is used in Cadence to simulate the designed capacitor-less

LDO. Different LDO parameters require different kind of simulations which are

presented in this section. The simulations are divided into open loop AC response which

shows the frequency domain analysis of stability, steady-state line and load regulations,
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load and line transients which shows the time domain analysis of stability, PSR and

noise of the LDO.

4.2.1. Open Loop AC Response

The open loop AC response is shown in Fig. 4.3 for minimum and maximum
load currents with no output capacitance connected externally and Fig. 4.4 shows the
open-loop AC response with 100pF connected at the output. As expected from (36) and
(32), the magnitude peaking occur at lower frequencies for minimum load current and is
worse for Cy,= 100pF compared to no external capacitor condition. The open-loop AC
response for the worst case 100pA load current is shown in Fig. 4.5 for varying output
capacitances to show the movement of w,. These AC simulations also prove that the
LDO behaves like a single pole and no zero effect due to R; and C; within the UGF

which is around 800 kHz for the designed LDO.
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Fig. 4.3. Transistor Level Open-Loop AC Response with no Cg¢
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Fig. 4.4. Transistor Level Open-Loop AC Response with Cy,= 100pF
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Fig. 4.5. Open-Loop AC Response for I 5,4 = 100pA with varying Co ¢

From Fig. 4.5 and (32), C,,= 100pF is the worst case scenario for stability and
so for all stability analysis simulations let’s consider 100pF output capacitance. It is also
important to look the open-loop AC response and hence check the stability for different
load conditions starting from 100pA to SOmA. The DC gain, UGF, PM, GM and GMF
for different load conditions with C,,; = 100pF are shown in Fig. 4.6. The minimum
DC gain achieved is 86dB which is more than sufficient to achieve a better line and load

regulation.
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Fig. 4.6. AC Response Parameters for Different I} ,,4 With Cy, = 100pF

The designed LDO is very stable with a minimum phase margin of 66° at UGF of
around 780KHz and minimum GM of 12dB. The UGF is shown as Phase Margin
Frequency in Fig. 4.6. Rz and C; which don’t affect the stability is clear from the
simulations shown in Fig. 4.7a (C; = 16.8pF) and Fig. 4.7b (R = 900kQ) where R; and
Cy are swept respectively and AC response stability parameters are plotted for worst

case [} ,yaq of 100pA.
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To complete the ineffectiveness of R; and C; on stability, open-loop AC
response without Rz and C; but still the buffer with unity feedback is compared with the
actual AC response as shown in Fig. 4.8. The magnitude response corresponding to the
no Ry and C; case doesn’t has the magnitude peaking for the minimum load current
compared to the proposed LDO. Since a minimum GM of 10dB is maintained for the

proposed LDO, the magnitude peaking shouldn’t be a problem.
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Fig. 4.8. AC Response with and without Rz and C,
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The variations of compensating capacitors Cc and Cg across process should be
considered for stability. All the previously shown simulations doesn’t take into account
the variations for C¢ and Cg. Fig. 4.9 and Fig. 4.10 show the effect of variation of C¢ and
Cr over stability respectively. Variation of about £30% about the actual value is carried

for the compensating capacitors.
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Fig. 4.9. Effect of C¢ Variations on Stability for I}, = 100pA
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Fig. 4.10. Effect of Cg Variations on Stability for [} ,,q = 100pA

Decreasing the compensating capacitors increases the magnitude peaking and
thus the GM is lower for -30% variations but still it is around 9 dB which is tolerable.
From Fig. 4.11, it is also clear that a minimum phase margin of around 60° is maintained

across the variations of the compensating capacitors.
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4.2.2. Load and Line Regulation
In steady state, simulations can be carried to measure the load and line regulation
for a LDO. Load regulation setup is shown in Fig. 4.12a where the output voltage of the
LDO is measured by sweeping the load currents from 100pA to 50mA and the
simulation result is shown in Fig. 4.12b. The output voltage sees a delta change of just
2.2mV for a delta change of SOmA approximately in the load current when the supply is
at 3.1V. The reason for such a good regulation is because of large DC gain for the

proposed LDO’s loop.
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Line regulation is measured by sweeping the input supply voltage V;, from 3.1V
to 5V. The simulation of line regulation for maximum and minimum load current is
shown in Fig. 4.13b and the setup is shown in Fig. 4.13a. The output voltage showing a

error within 1mV is also because of the huge DC gain in the loop.

4.2.3. Load and Line Transients

Though the stability is checked with the help of the open loop AC response, it’s
always wise to check the stability through transient response. Transient response
simulates the real time dynamic conditions for the LDO. Load transients simulations for
Cout = 0 and 100pF are shown in Fig. 4.14a and Fig. 4.14b for load current switching
between 100pA and 50mA with a rise and fall time of 1us. The transient glitches are
almost the same for both the output capacitor conditions.

The line transient simulations involving the input supply V;, switching between
3.1V and 4V with a rise and fall time of 1us are carried for minimum and maximum

loading conditions. The results are shown in Fig. 4.15a and Fig. 4.15b.
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4.2.4 PSR Simulations
The PSR simulations are carried for different output capacitors (Coy = 0 and
Cout = 100pF) with different loading conditions in closed loop configuaration. The
effect of Cyy¢ on the PSR is shown in Fig. 4.16 for 100pA and 50mA load currents. It is
clear from Fig. 4.16 that the output capacitor has no effect on the PSR at S0mA load
current and for 100pA the PSR is affected only after 2MHz frequencies. The +30%

variation on Ry and Cy affects the PSR as shown in Fig. 4.17.
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From Fig. 4.17, it is confirmed that the R; and C; play a major role for shaping
the PSR. To prove the PSR enhancement which the proposed LDO has introduced,
simulations are carried for the LDO with unity gain buffer (without R; and Cz) and
compared with the proposed buffer with Rz and C; as illustrated in Fig. 4.18. The
frequency for which the PSR is maintained at -35dB has been improved from 14kHz to
660kHZ with the proposed buffer compared to the conventional unity gain buffer. PSR
simulations for 100pA, 1mA, SmA, 25mA and 50mA load currents with Cy, = 100pF

are plotted in Fig. 4.19.
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Fig. 4.19. PSR for Different I; ,,4 with Cyy = 100pF



70

4.2.5. Output Noise

The output noise for the LDO has been simulated in closed loop and plotted for
minimum and maximum load currents in Fig. 4.20. The spectre model file for the On-
Semi 0.5 pm doesn’t have the flicker noise coefficients and hence the output noise
appears almost flat because of just thermal noise till it get shaped by the output. The
major noise contribution is from error amplifier and then from the feedback resistors.
The buffer which act as the second stage and the pass transistor acting as third stage for
the proposed LDO don’t contribute to the output noise [8]. For the 100pA load current,
the output noise shows a peak because the complex pole pair frequency w, comes closer
to UGFpo according to (36). The integrated output noise from 1Hz to 100kHZ has been

simulated and tabulated in Table IX for 100pA and S0mA loading conditions.

1 [Load=""1day"
14@n = [Logd="5dm

128n

183N \
B88.0n \

Output Maise Yoltage ( V/sgrt(Hz) )

68.0n
44 .8n
28.8n
i
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@.6a et L]
1 1 4@ 1K 18K THAK ™ 14M @M

freq ( Hz )

Fig. 4.20. Equivalent Output Noise for C,,; = 100pF
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TABLE IX

INTEGRATED OUTPUT NOISE FROM 1Hz TO 100KHz (ON-SEMI 0.5um)

I1.0ad Output Noise
100pA 41.04pv
50mA 40.93pV

4.3. Corner Simulations

So far all the simulations shown before are run using TT (Typical-Typical)
model file. There are four other corner model files which should be used for the
simulations to know the worst case LDO performance. The four corners are FF (Fast-
Fast), SS (Slow-Slow), FS (Fast-Slow) and SF (Slow-Fast). Moreover so far the effects
of temperature on the LDO performance has not be accounted. Table X and Table XI
shows corner simulations values for 50mA / 100pA load currents at room temperature
(27°C) and high temperature (85°C).

TABLE X

CORNER SIMULATION AT 27°C (0.5pum)

Parameter TT FF SS FS SF

DC Gain (dB) 86/102 86/102 83/101 84/103 86/103
PM (°) 66/67 67/68 68/69 68/69 68/69
UGF (kHz) 774/792 | 787/800 | 714/727 737/752 724/736
GM (dB) 22/12 23/16 23/15 22/15 23/15
GMF (MHz) 4.5/4.1 4.9/4.8 4.5/4.5 4.5/4.6 4.7/4.6
Overshoot (mV) 71 58 63 60 62
Undershoot (mV) 126 102 113 107 111

DC PSR 75/78 75/78 74/78 74/77 76/80
-35dB PSR (kHz) | 666/802 | 751/1026 | 681/971 652/934 722/990
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TABLE XI

CORNER SIMULATION AT 85°C (0.5um)

Parameter TT FF SS FS SF

DC Gain (dB) 82/101 82/102 79/101 79/102 83/101
PM (°) 67/68 68/70 69/71 68/70 69/71
UGF (kHz) 672/732 | 685/705 | 623/641 640/660 633/648
GM (dB) 20/12 21/13 21/14 20/13 21/13
GMF (MHz) 3.5/3.6 3.8/4.1 3.5/4 3.4/4 3.7/4.1
Overshoot (mV) 94 77 84 78 81
Undershoot (mV) 172 141 154 144 152

DC PSR 74/78 74/77 72/76 72/77 76/79
-32 dB PSR (kHz) | 548/793 | 585/1020 | 534/968 518/929 566/1017

In all the process and temperature corners, the proposed LDO seems to be stable
with a minimum PM of at least 66° and GM of about 12dB. The PSR degrades at high
temperature (85°) because of drop in the DC gain and also the transistors become slower
because the threshold voltage and mobility decreases with temperature which in turn

decreases drain current.

4.4. Final LDO Layout

The final layout for the proposed LDO has been laid out using On-Semi 0.5pum
CMOS technology. Common centroid and interleaving techniques are employed for the
layout of transistors, resistors and capacitors for better matching. The huge pass
transistor’s total width 14.4mm is split into 32 transistor blocks each of width 25x18um.
All the PMOS devices are surrounded by metall to n-well guard rings which act as the

bulk and then by a layer of metall to p-sub guard rings. All the NMOS devices and
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resistors are surrounded by a layer of metall to p-sub guard rings. The guard rings are
necessary to avoid latch-up issues and discharge any charges trapped during the
fabrication process. The final layout of the proposed capacitor-less LDO is shown in Fig.
4.21. The proposed LDO occupies an area of 550pum x 654pum while the entire chip with
the pad frame measures 1.5mm x 1.5mm in area. The pass transistor occupies about %2 of
the total effective area. The empty spaces inside the chip pad frame are filled with
different metals and poly to meet the minimum metal density constraints. The feedback
resistors Rg; and Rg, are interweaved to match in a better way and laid out using high
resistance poly layer. The compensation capacitors are laid out using poly-elec layers. Cz
capacitor is split into 16 units each of value 1.052pF.

The chip is packaged using 40 pin dual-inline package. The pads with ESD
protection are used for the chip. Critical nodes like V;,, and V,,; are connected to 4 pins
each and ground node is connected to 8 pins. Connecting to multiple pins in parallel

reduces the bond inductance and resistances.
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5. TRANSISTOR LEVEL DESIGN AND SIMULATION (0.18um)

5.1. Transistor Level Design

The transistor level implementation of the proposed cap-less LDO using TSMC
0.18um CMOS technology is shown in Fig. 5.1. The bias for transistor My is modified
from the 0.5um design. The biasing circuitry for the LDO is shown in Fig. 5.2. The
resistor Rp, is an externally connected resistor to set the bias current for the buffer. The
main specification for which the proposed LDO is designed is listed in Table XII. The
design procedure followed is same as used for 0.5um, listed in Table IV. The final

circuit parameters are given in Table XIII and Table XIV.

TABLE XII

PROPOSED LDO MAIN SPECIFICATIONS (0.18um)

PARAMETER VALUE
Vin (V) >1.8
Vout (V) 1.6

ILoAD,min (HA) 150

ILoAD,max (MA) 50
Cout (PF) 0-30
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Fig. 5.1. Proposed Cap-less LDO Transistor Level Design in (0.18pum)
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Fig. 5.2. Biasing Circuit for the Proposed LDO (0.18um)



TABLE XIII

FINAL ACTIVE CIRCUIT PARAMETERS (0.18um)

77

TRANSISTOR W (pm) L(um) Ip(HA)
M, 8 0.8 2
M, 21.6 0.6 30
M, 7.2 2 4
M, 4 2.4 2
M- 11.2 1.5 2
Mg 9.6 1.5 2
M, 48 0.18 30
Mg 112 2 60
M, 32 2.5 4
My, 4 4 1
M, 0.9 13 1
M, 2 7 1
M, 8 2.5 1
M, 8 2 43

M. 5.6 1.5 1

M, 48 1.5

Mp 3840 0.18 10
TABLE XIV

FINAL PASSIVE CIRCUIT PARAMETERS (0.18pum)

PARAMETER VALUE
Cc 0.78pF
Cg 0.46pF
Cy 9.6pF
R, 600k
Rpp 1.8MQ
RE1, Rz 80kQ

The drop across the bond inductance and resistance in the output pin result in

degraded load regulation. Such effects can be reduced by employing Kelvin connection

for the output pin of the LDO as shown in Fig. 5.3. The drain of the pass transistor and
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feedback resistors are connected separately to two pads which is connected to the same
pin V,,; in the package. Kelvin connection is another modification made in TSMC

0.18um compared to the On-Semi 0.5um design.

Vin
CHIP
\A . . Externally
P . : Connected
- Bond Wire
'''''''''''''''''''''''''' —O Vout

Fig. 5.3. Kelvin Connection for LDO

5.2. Schematic Simulations

The schematic level simulation values for 5S0mA/150pA carried using Spectre in
Cadence are tabulated in Table XV for room temperature (27°C) and Table X VI for high
temperature (85°C) across three corners [TT (Typical-Typical), FF (Fast-Fast) and SS

(Slow-Slow)].



TABLE XV

SCHEMATIC CORNER SIMULATION AT 27°C (0.18um)

Parameter TT FF SS

DC Gain (dB) 86/104 84/99 84/104

PM (°) 56/60 56/60 55/60

UGF (MHz) 3.1/3.28 | 3.84/4 2.56/2.68

GM (dB) 14/12 13/9 14/14

GMF (MHz) 9.6/11.4 [11.7/12.4 | 7.8/10.3

Overshoot (mV) 39 37 42

Undershoot (mV) 63 60 68

Load Reg (LV/mA) 2.7 1.5 6

0.1% Settling Time (us)* | 3.1/3.5 2.6/3 3.4/3.8

DC PSR (dB) -79/-85 -76/-82 -77/-85

-40 dB PSR (MHz) 1.22/1.61 | 1.57/1.84 | 1.05/1.47
TABLE XVI

SCHEMATIC CORNER SIMULATION AT 85°C (0.18um)

Parameter TT FF SS

DC Gain (dB) 85/104 84/99 83/105
PM (°) 55/60 56/60 55/61
UGF (MHz) 2.95/3.17 | 3.66/3.95 | 2.44/2.58
GM (dB) 13/11 13/8 13/13
GMF (MHz) 8.8/10.7 |10.8/11.4 | 7.1/9.7
Overshoot (mV) 48 47 50
Undershoot (mV) 77 75 80

Load Reg (LV/mA) 2.6 3 6

0.1% Settling Time (US)* | 3.7/4.2 2.9/3.5 4.4/4.8
DC PSR (dB) -79/-86 -76/-82 -86/-77
-38 dB PSR (MHz) 1.18/1.7 | 1.51/1.93 | 0.99/1.54

IL0AD,max t0 ILoaD,min With 1us rise and fall times.

*Settling time with 0.1% error during a load current step from I;,gap min 10 ILoAD,max /

79
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5.3. Final LDO Layout

The final layout for the proposed LDO laid out using TSMC 0.18um CMOS
technology is shown in Fig. 5.4. Common centroid and interleaving techniques are
employed for the layout of transistors, resistors and capacitors for better matching. The
huge pass transistor’s total width 3.84mm is split into 16 transistor blocks each of width
20x12pum. Guard rings are added in the layout as discussed earlier in section 4.4 to avoid
latch-up. The proposed LDO occupies an area of 320um x 254pm while the entire chip
with the pad frame and seal ring enclosure measures 0.56mm x 0.41mm in area. High
resistance poly is used for laying all the resistors and mim capacitors are used for all the
capacitances in the layout. C; capacitor is split into 16 units each of value 0.6pF. The

final chip’s layout has been submitted for fabrication.

5. 4. Post-Layout Simulations
Table XVII and Table XVIII show corner post-layout simulation values for
50mA / 100pA load currents at room temperature (27°C) and high temperature (85°C).

The worst case appears to be the SS corner at high temperature.
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Fig. 5.4. Final LDO Layout (0.18um)



TABLE XVII

POST-LAYOUT CORNER SIMULATIONS AT 27°C (0.18um)

Parameter TT FF SS
Overshoot (mV) 48 49 53
Undershoot (mV) 80 78 87
DC PSR* -83/-77 | -90/-79 -79/-78
-38 dB PSR (MHz) 1.1/1.46 | 1.33/1.63 | 0.86/1.29
-30 dB PSR (MHz) 1.41/2.1 | 1.69/2.29 | 1.14/1.82
Load Reg (LV/mA) 3 1.6 6.4
0.1% Settling Time (US)* 3.3/3.8 2.8/3.2 3.8/4.1
TABLE XVIII

POST-LAYOUT CORNER SIMULATIONS AT 85°C (0.18um)

Parameter TT FF SS
Overshoot (mV) 59 59 63
Undershoot (mV) 100 96 105
DC PSR -84/-77 | -94/-79 -81/-77
-36.5 dB PSR (MHz) 1.04/1.5 | 1.23/1.66 | 0.82/1.32
-30dB dB PSR (MHz) 1.22/1.95 | 1.55/2.18 | 1.02/1.71
Load Reg (LV/mA) 3 1.6 7
0.1% Settling Time (US)* 4.4/4.5 3.6/3.7 4.8/5.1

IL0AD,max t0 ILoaD,min With 1us rise and fall times.

*Settling time with 0.1% error during a load current step from I, oap min t0 ILoAD,max /
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6. EXPERIMENTAL RESULTS

6.1. Test Board

The PCB for testing the regulator chip is fabricated using two-layer copper plate.
The test setup for the PCB is illustrated briefly in Fig. 6.1. Rg; and Cg; act as low pass
filter for the reference V,.or. The bias resistor is split into a fixed and variable resistor
each of value 500kQ to generate 2.5pA bias current. The final PCB with the chip and
other required components for measurement and generating reference bias are soldered
as displayed in Fig. 6.2a and Fig. 6.2b. The reference voltage V,.or is supplied by using a
external power supply. SMA connectors are used to supply input voltage V;, and
monitor output voltage V,,.. The circuit board also contains passive components like
potentiometers, resistors , headers and capacitors. A N — Channel 20V (D-S) MOSFET
(SC-75A) s also soldered to measure load transients. The load transient setup circuit is

explained in detail in Fig. 6.3.

Load
Vin Tran(:ilent
300 V Setup
Y R\/\M ref Test V ¢
3 ou -
fl —1our| LDO

ONE Cal_ R é’ Ca
1.4 3.1 N p— (56_28||(-) out (o - 100pF)
! 0" : © 500K, j—
RB -

Fig. 6.1. PCB Test Setup
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6.2. Transient Response
The measurement of the transient response of the proposed LDO requires a DC
power supply, function generator and an oscilloscope. The function generator is used to

generate clock which helps for switching between the load currents.

6.2.1. Load Transient Response

The load transient is measured by switching the load current between 100pA and
50mA. The test circuit is shown in Fig. 6.3. The rise and fall time are set as 500ns for the
load transient current by changing the cut-off of the low pass filter connected to the gate
of the SC-75A NMOS. The parasitic capacitance of SC-75A doesn’t load the LDO since
it is around 20 to 30 pF for our operating condition. The measured waveforms are shown
in Fig. 6.4a and Fig. 6.4b for no external capacitor and for C,,; = 100pF in Fig. 6.5a and
Fig. 6.5b. It is clear from Fig. 6.4 and Fig. 6.5 that load transient is not affected by the

output capacitance.



(b)

Fig. 6.2. (a) Top View (b) Bottom View of the Final PCB

&5
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LDO Vout

28koh %53ohm

100uA] | 50mA ]}i% L

Fig. 6.3. Load Transient Test Setup

The second channel voltage as shown in Fig. 6.4 and Fig. 6.5 is the drop across
the 53 resistor shown in Fig. 6.3. The measured results show better performance as
against schematic results for both extremes of the output capacitor. The ringings in the
load transients measured just last for 500ns and then the output voltage settles to its final
value. This proves that the proposed capacitor-less LDO is stable for minimum to
maximum load current. The final value for the output voltage at SOmA settles to a value
about 40mV less compared to the simulated value. This is because of the absence of

Kelvin connection for the output pin of the LDO in 0.5um design.
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Fig. 6.4. Load Transient with no Cyy;. (a) 100p A to 50mA (b) 5S0mA to100pA
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- Agilent Technologies

(b)

Fig. 6.5. Load Transient with C,,; = 100pF. (a) 100pn A to 50mA (b) S0mA to100pA



&9

6.2.2. Line Transient Response
The function generator used can’t supply S0mA of DC current. Thus the
waveform is applied to a buffer connected in unity gain feedback which can supply the
load current and act as the supply for the LDO. The setup is made in such a way that the
supply voltage for the LDO switches between 3.1V and 4V. The results are shown in
Fig. 6.6a and Fig. 6.6b with C,,; = 100pF connected at the output for 100pA and S0mA

load currents respectively. The channel 1 represents the V,,; and channel 2 shows V;,,.

6.3. PSR Measurement

PSR can be measured by applying a tone in the supply Vj, and measure the same
tone at the output V,,;. Difference between the power of the tones at V,,; and V;, gives
the required PSR for that tone frequency. T-bias has been used to couple the DC and AC
(sine wave from function generator) and supply the V;, for the LDO. Spectrum analyzer
with 1M£ input impedance can be used to measure the power of the tones. The PSR
measurement results for 100pA and 50mA load currents are shown in Fig. 6.7. The
measurement shows 250kHz degradation in the PSR BW for -30dB rejection at full load

condition compared to the schematic simulations.
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Fig. 6.6. Line Transient for (a) I gap = 100pA (b) I 0ap = 50mA
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Power Supply Rejection versus Frequency

o s
-10 _._I::;ggqu;\ / //‘%:'ﬂl'
7/
//
20 ’{
/

-30

-40

Power Supply Rejection(dB)

-50

-60

\
\
\

-70
10° 10° 10° 10° 10° 10’
Frequency (Hz)

Fig. 6.7. PSR for I} gpop = 100pA and 50mA with C,, = 100pF

6.4. Comparison of Results

There have been many capacitor-less LDO topologies speaking about the
compensation but not many speak about the PSR enhancement. The proposed LDO is
compared with capacitor-less LDOs [4], [3], [9] and [10]. The comparison tabulated in
Table XIX shows the significance of the proposed capacitor-less architecture. The

experimental results imply that the proposed LDO has improved the transient response
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(FOM) compared to [4] and [3] in a power efficient way and improved the PSR
compared to [3], [9] and [10]. [4] shows better PSR but the maximum current capability
of the LDO is just SmA which is 10 times lesser than what the proposed LDO can
deliver and more over the drop-out voltage of [4] is 600mV which result in about 25%
power efficiency reduction. The figure of merit (FOM) reported in [3] has been used for
comparison. The equation for FOM is shown in (54) in which Cy is any compensating
capacitor used C,y: and AV, is the maximum of undershoot or overshoot voltage
during load transients. FOM has been normalized with respect to [4] which has the
lowest FOM. Higher the normalized FOM, better is the LDO’s transient performance.
[9] and [10] show higher normalized FOM compared to the proposed LDO but their
minimum load currents for stability are in mA ranges which results in higher power
dissipation during standby.

[Cout + CM] * AVout " lQ

FOM =
ILoAD,max ILoAD,max (54)
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TABLE XIX
LDO COMPARISONS
. ISSCC’07 | JSSC’05 | JSSC’10 | JSSC’10
Parameter This Work
[4] [3] [9] [10]
Vour (V) 2.8 1.6 1.2 0.9 0.5 0.7
Vpo (V) 300m 200m 600m 300m 250m 250m
ILoAD,max (MA) 50 50 5 100 100 100
Ig (HA) 120 80 70 6000 8 43
Power (Eo/ff)i‘“e“cy 901 | 887 | 6575 | 852 | 6667 | 73.65
Current
Efficiency (%) 99.76 99.84 98.62 94.33 99.99 99.95
Load Transient
86 63 200 NA 114 ~60
AVout1 * (mV)
Load Transient
AV, .0, ** (mV) 83 105 737 90 77 ~70
Settling Time 1 78 | 48/5.1 | NA NA NA NA
T (us)
FullLoadPSR@ | -57 @ | -77 @ -70 @ NA -50 @ NA
135Hz (dB) 50mA | 50mA SmA 100mA
-30 dB PSR 425k @ | 826k @ | 2M @ NA 6k @ NA
Frequency (Hz) 50mA | 50mA SmA 100mA
Load Regulation
(WV/mA) 890 7 NA NA 100 400
On-chip
Capacitance (pF) 21.7 10.84 60 0 7 6
Cout (PF) 0to 100 | 0to 30 10 600 0to 50 | 0to 1000
Cout on-chip No No Yes Yes No No
Normalized FOM | 286.8 1082.7 1 4.5 27702 4513
Area (mm?) 0.359 0.081 NA 0.098 0.019 0.155
Technology (um) 0.6 0.18*+ 0.6 0.09 0.09 0.35

*Overshoot for a load step from I gap max t0 ILoAD min
** Undershoot for a load step from I; gap min t0 ILoAD max
a3 Settling time with 1% error during a load current step from Ij o ap min t0 ILoAD max /

ILoAD,max t0 ILoAD,min
++ Worst-case post-layout simulations
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7. CONCLUSION

A novel architecture has been proposed for the capacitor-less LDO which
improves both the PSR at higher frequencies and transient response without the
dependence on the output capacitor. This architecture delivers 50mA of maximum load
current with 90% of power efficiency. The total quiescent current is 120pA (80pA) at
full load current which scales to a current efficiency of about 99.76% (99.84%) at
maximum load condition in 0.5um (0.18um) design. The minimum load current
(100pA/150pA) which the proposed LDO (0.5um/0.18um) can handle satisfies the
standby current in most of the cell phone applications. The proposed architecture
designed using 0.5um (0.18um) technology regulates the output voltage at 2.8V (1.6V)
from a minimum supply of 3.1V (1.8V), delivering current up to S0mA to the load. The
load transient response has been improved resulting in undershoots and overshoots under
86mV (102mV) using 0.5um (0.18um) design.

The proposed capacitor-less regulator topology uses a modified unity gain buffer
which helps stability compensation along with the Miller capacitor and also shapes the
PSR at higher frequencies. The proposed LDO using 0.5um (0.18um) achieves PSR
better than -30dB till 425kHz (826kHz) . R used in the feedback of the buffer can be
made tunable with trim bits so that PSR can be shaped according to the different
applications. The experimental results also follow the stability and PSR analysis which
have been carried.

The frequency for which the PSR is enhanced can be increased if more power is

burnt in the buffer stage, so that stability can also be achieved. Hence by increasing the
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power in the buffer stage, the minimum load current for which the stability is achieved
can be relaxed further below 150pA.

On-Semi 0.5pm and TSMC 0.18um CMOS technologies through MOSIS
educational service has been used to design and fabricate the proposed capacitor-less
LDO. The experimental results of this work in On-Semi 0.5um and worst-case post-
layout simulations of TSMC 0.18um have been compared with other capacitor-less
works [4] and [3] as illustrated in Table XIX. Thus a power, area and cost efficient off-
chip capacitor free LDO has been proposed for the SoC applications with PSR

enhancement.
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