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Abstract

In this thesis a low-drop-out regulator for a high temperature region of —40°C
up to 200 °C was designed. The output voltage can be set either to 2.65V or
2.95V. A drop-out voltage of 100mV had to be achieved while sourcing a load
current up to 50 mA.

A comparison between NMOS and PMOS as pass device showed that using
a PMOS transistor is the more suitable choice for this application. Due to
the high supply voltage up to 8 V, the pass device had to be a high voltage
transistor. The smaller current gain compared with low voltage transistors leads
to a large pass device. For driving this large pass device an adaptive biasing
stage was introduced. For the error amplifier the concept of a reversed nested
Miller compensation with current buffers was applied.

This regulator was designed in a 0.35pm high voltage CMOS process. Also, a
test-chip was manufactured and evaluated. The current consumption of the
measured LDO is about 70 nA under low load condition and increases up to
about 150 pA at high load currents. For the minimum input voltage and high
temperatures the quiescent current can reach values up to 1.6 mA. Over the
whole temperature region, the output voltage varies about 9mV for an output
current of 250 pA and about 30 mV for an output current of 50 mA.
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1 Introduction

With the trend to smaller supply voltages, low-drop-out (LDO) regulators are
widely used. An LDO is a voltage regulator with the ability to hold the output
voltage constant, even if the difference between the supply and the output
voltage gets small. With the increasing complexity of integrated circuits the
LDO has also to be able to deliver high load currents. In battery powered
devices it is very important to hold the quiescent current as low as possible
in order to achieve a long battery runtime. Also critical are overshoots and
undershoots, caused by fast changes of the load current, which could cause a
reset or turning off of the device [1].

In order to source high load currents at low supply voltages the pass device
has to be large. This introduces a high gate capacitance which causes the
non-dominant pole to get down to lower frequencies. The unity gain frequency
(UGF) increases with the load current to a higher frequency than the non-
dominant pole. This introduces instability. By applying an adaptive biasing
stage the non-dominant pole gets pushed up to higher frequencies for higher
load currents and the LDO stays stable [2].

In this work an LDO has to be designed with a drop-out voltage of 100 mV and
a quiescent current of less then 100 pA. The challenge is the high temperature
region of —40°C to 200°C. At higher temperatures the leakage currents are
strongly increasing. A rule of thumb says, with every 10°C increase of temper-
ature the leakage current gets multiplied by two [3]. Thus, it will be hard to
achieve a low quiescent current consumption at high temperature.

The LDO was implemented on a test-chip to test the functionality and com-
pare its behaviour with the simulation results. For the evaluation over the
temperature region a thermostream is used.

Section 2 explains the functionality and important properties of LDOs. Section 3
shows the given specification for the LDO which have to be achieved. Important
error sources and their calculation are presented in section 4. The comparison
between NMOS and PMOS transistor as pass device is made in section 5.
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Section 6 shows the pole/zero analysis for a one stage error amplifier and an
error amplifier with reverse nested Miller compensation. The final design and
the simulation results are discussed in section 7. In section 8 the structure of
the designed test-chip is explained. The evaluation results for the test-chip are
shown in section 9.



2 Low-Drop-Out Voltage
Regulators

Figure 2.1 shows the block diagram of a low-drop-out linear voltage regulator
(LDO) [4]. To the left hand side the input voltage v;, is applied. The pass
device can be seen as a current source, which always sources as much current
as needed to hold the output voltage constant at a specific level. The output
voltage is sensed by the resistors R1 and R2 and compared to an accurate
reference voltage Vref. The comparison is done by an amplifier which controls
the pass device.

Vin Vout
O T Pass Device

gnd gnd
O * O

Figure 2.1: Block diagram of an LDO. The amplifier compares the sensed output voltage
with a reference voltage and controls the pass device.

The pass device can be either a bipolar transistor or a MOS transistor. The
bipolar transistor has the advantage of a higher current source capability but
the MOS transistor needs less quiescent current [4]. In this thesis a MOS
transistor was used as pass device because the LDO was produced in a high
voltage CMOS process where the necessary bipolar devices were not available.
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The drain current of a MOS transistor in saturation can be approximated [5]
to

K'W
2 L
where K’ is a process dependent parameter, W and L are the width and
length of the transistor respectively, V;, is the gate-source voltage and V;, the
threshold voltage of the transistor. This shows that the drain current depends
quadratically on the gate-source voltage. Therefore, the transistor can be seen
as a voltage controlled current source.

Ip = (Vos = Vi), (2.1)

The drop-out voltage is the minimum voltage between input and output, or
rather the drain-source voltage of the pass device, which is needed for the
regulator to work properly. If the input voltage gets smaller than the drop-out
voltage, then the regulator is not able to source enough current to the load
any more and the output voltage decreases. With further reducing the input
voltage, also the voltage controlling the pass device (V) is decreasing until
the regulator shuts off. This behaviour is illustrated in figure 2.2 [4]. Thus, a
low-drop-out regulator is a voltage regulator which can handle small voltage
differences between input and output voltage.

V /AN
Vin

Off Drop-Out Region / Normal Operation

Vout

<\

Figure 2.2: Input/output characteristic of an LDO. For lower input voltages than the
drop-out voltage the output voltage decreases. At some point the LDO shuts
off.

The load regulation parameter determines the dependency of the output voltage
on the load current. Increasing the load current leads to a reduction of the
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output voltage. The load regulation [4] is defined as

A ‘/;)ut

Load Regulation = AL

(2.2)

where AV,,; is the variation of the output and Al;,.4 is the variation of the
load current.

The ability to maintain the output voltage constant with a varying input voltage
is called line regulation [4] and is defined as

A ‘/out

Line Regulation =
ine Regulation AV,

(2.3)

where again, AV,,; is the variation of the output voltage and AV}, is the
variation of the input voltage. This variation of the input voltage could be
caused by a discharging battery. Ideally, the regulator holds the output voltage
constant, until the input voltage gets lower than the drop-out voltage and the
regulation begins to fail. In reality, the finite open loop gain causes a variation
of the output voltage.



3 Specification of the LDO

The specification for the LDO is shown in table 3.1. The maximum deviation of
the output voltage (150 mV) includes the error induced by inaccuracies of the
bandgap and the output error of the LDO. The LDO should be able to switch
between two output voltages (2.65V and 2.95V) and source a load current
up to 50 mA. The minimum supply voltage is 2.75V, therefore the drop-out
voltage has to be 100mV. The external output capacitor is given with 1nF
and its equivalent series resistor of 10 mf2 to 100 mS2.

Specifications
Temperature —40°C to 200°C
Supply voltage 2.75V to 8V

Quiescent current consumption <100 pA
External output capacitance 1pF +20% / =50 %

Equivalent series resistor 10 mQ to 100 mS?
Output voltage 2.65V or 295V
Output error* +150mV

Load current 250 pA to 50 mA

*Including load- and line regulation, over- and undershoots and

bandgap error.

Table 3.1: Specification of the LDO.



4 Error Calculation

The maximum output error is split into two parts: The output error of the
bandgap and the output error of the LDO.

The maximum error in percent can be calculated as:

‘/:37‘7‘

out

Eoput = 22100 % (4.1)

Where V., is the maximum output deviation and V,,; is the desired output
voltage.

For an output voltage of 2.65V this gives an error of

Verr 0.15V
Eout,2.65 == Vi 100 % = m 100% = 5.66 % (42)
out .

and for an output voltage of 2.95V

Vverr 015V
Eout,2.95 - Vi 100 % - m 100 % = 508 % (43)
out .

By having a look at an existing bandgap with 6-bit trimming, an accuracy of
1.563mV can be achieved. For the nominal output voltage of this bandgap of
1.237V this would be 0.12 %. This bandgap also has a temperature coefficient
of 30 ppm, which means a tolerance of about 0.3 % in its temperature region up
to 125°C. Together, this gives an error of about 0.42 %. At higher temperatures
this accuracy will be much harder to achieve, therefore the maximum allowed
error of the bandgap is set to 2 %. Now, at 2.65V output voltage the maximum
deviation of the LDO output is Ef,po2.65 = 3.66 % and at 2.95V the maximum
deviation is ELDO72.95 = 3.08 %

This means, the absolute error for the 2.65V output voltage is

Eabs,2.65 == ‘/out . ELDO,2.65 - 265V . 00366 == 9699 mV (44)
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and for the 2.95V output voltage
Eups2.95 = Vour - Erpo.2.9s = 2.95V - 0.0308 = 90.86 mV. (4.5)

The main error sources are the gain error due to the finite open loop gain of
the error amplifier, the mismatch error of the feedback resistors, the offset error
of the error amplifier, over- and undershoots and load regulation.

Figure 4.1 shows the error budget for the output voltage of 2.95V. The borders
of 3.1V and 2.8 V are given by the maximum error of 150 mV. The minimum and
maximum bandgap voltages, which are 1.2V —-2% = 1.176 Vand 1.2V +2% =
1.224'V are introducing an error of 2.95V - (£)2% = £59mV. The remaining
91mV for the LDO are split in 2 parts. One part with 71 mV for over- and
undershoots and one part with 20mV for the other error sources.

3.1V
Fy Fy
=
- g overshoots
=
7 o,
> 4 -
£
2,95V e
A =
£
5 ¥
- o BG_min
£ LDO_min
=]
2 >
E undershoots
=~
2.8\!" '

Figure 4.1: Error budget of the LDO. The £150mV error budget are split into the error
caused by the bandgap (£59 mV), the error caused by over- and undershoots
(£71mV) and the other error sources like offset error, load regulation and line
regulation (£20mV).

4.1 Gain error

Figure 4.2 shows a non-inverting amplifier with finite open loop gain A and the
feedback resistors Ry and Ry. The current through Ry can be determined to

7 (4.6)

Ipy =
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Vou1

-

R1

Rz

Figure 4.2: Schematic of a non-inverting amplifier

Due to the high input resistance of the amplifier there is no current flowing into
the negative input, therefore the same current is flowing through R;, which

can be calculated to
V;)'u,t - (‘/; - ‘/d)

Ry
The output voltage is given by the product of the open loop gain and the input
differential voltage:

(4.7)

Ip, =

‘/out — A . ‘/d (48)
With Ip, = I, and eliminating V; through equation 4.8 the closed loop gain
Acp, can be determined to

‘/out o 1

ACL = - R 1 (49)
‘/i R1+2R2 T A
For infinite open loop gain A the closed loop gain can be rewritten as
Vour  R1i+ R
Aqr = = _ 4.10
o=t = (1.10)

By subtracting the maximum deviation of the output (Vggin_gr) caused by the
gain error, equation 4.9 can be rewritten to
1

Vi _ _R
Vout—=VGain_Err Ri+Rs

Apin = (4.11)

which is the minimum necessary gain, in order to get a certain gain error.



Error Calculation
4.2 Resistor matching error

In order to save area, resistors should be as small as possible. The matching
error of two equal resistors [6] can be calculated by

. A
WL

g

(4.12)

Where o is the standard deviation, Ag is the mismatch parameter which is
process dependent and W and L are the width and length of the resistor
respectively. By rearranging this equation the required minimum area can be

calculated to

Ar\?
Area =W - L = () : (4.13)

g

10



5 Comparison of Possible Pass
Devices

The pass device can either be an NMOS or a PMOS transistor. The NMOS
transistor would be used in common drain configuration, also known as source-
follower [5], and the PMOS would be used in common source configuration.
Both concepts have their advantages and disadvantages.

5.1 NMQOS Transistor as Pass Device

The NMOS pass device is operating in common drain configuration. In figure
5.1 the schematic of an LDO with an NMOS pass device is shown. The drain
is connected to the supply voltage Vpp, the source is connected to the output
and the gate is connected to the output of the error amplifier. The gate-source
voltage has to be higher than the threshold voltage of the pass device in order
to source the output current. If the error amplifier is supplied with Vpp, then
the maximum output voltage of the error amplifier is limited to this supply
voltage. Therefore the gate voltage of the pass device cannot get higher than
the supply voltage. For supply voltages smaller than the output voltage plus
the gate-source voltage, the gate voltage gets decreased and the pass device
is not able to source the output current any more. By supplying the error
amplifier with a higher voltage than the supply voltage, the gate voltage can be
held, even if the supply voltage gets smaller than the gate voltage. This higher
voltage for the error amplifier can be achieved by using a charge pump [7, 8.

Due to the source follower configuration, the NMOS has a gain of about one
[9]. This makes it much easier to get the LDO stable because the gain does
not change with the load current and the pass device does not introduce an
additional phase shift.

11
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Voo
Vet
o—1-
Mp
+ Vout
R1
Ra

Figure 5.1: Schematic of an LDO with NMOS pass device. The pass device is operating in
common-drain configuration.

Another advantage of the NMOS over the PMOS pass device is the higher
mobility of the charge carriers which leads to a smaller transistor size [7]. This
reduces the necessary chip area and decreases the gate-source capacitance.

The main issues of charge pump circuits are area efficiency, power efficiency
and output voltage ripple. The charge pump has to be able to deliver high
output currents and have a fast ramp-up time. The NMOS LDO with charge
pump basically only makes sense if the area required by the charge pump plus
the area required by the pass device is smaller than an equivalent PMOS pass
device. The clock frequency has to be chosen so, as to avoid electro magnetic
interference [10, 11].

The line regulation [12] can be calculated to

AVvout ~ 1

AVpp By )’
DD ImPpP ToutP A Ri+R>

(5.1)

where ¢,,p is the transconductance of the pass device, r,,p is the output
resistance of the pass device, A is the open loop gain of the error amplifier
and R, and Ry are the feedback resistors. Therefore the intrinsic gain of Mp
and the loop gain A - Ry/(R; + Rs) are determining the line regulation of the
voltage regulator with an NMOS pass device. In order to achieve a high line
regulation, a high open loop gain of the error amplifier is necessary.

12
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The load regulation [12] of a regulator with NMOS pass device is given by

AV, 1
L — (5.2)

A[load gmp A Ri+Rs

with the transconductance of the pass device g,,p, the open loop gain of the
error amplifier A and the feedback resistors R; and R,. The load regulation is
dependent on the open loop gain. Therefore the error amplifier should have a
high open loop gain.

5.2 PMOS Transistor as Pass Device

The PMOS pass device is operating in common source configuration and has
therefore much more gain than unity. This introduces another gain stage which
changes its gain depending on the output current. Another disadvantage of a
PMOS pass device is that the mobility of the charge carriers is much lower
than with an NMOS and therefore the device has to be larger than an NMOS
pass device under the same conditions [7].

The advantage of the PMOS pass device is that there is no need for a charge
pump to work properly. A charge pump would introduce an additional current
consumption and increase the chip area due to its switches and capacitors [13].
Also an oscillator is necessary to drive the charge pump. This again, results in a
higher current consumption and chip area. Therefore, using a PMOS transistor
as pass device needs much less effort for realisation.

In figure 5.2 an LDO with a PMOS pass device is illustrated. The source of the
PMOS is connected to the supply voltage, which means in order to turn the
output current off, the gate voltage only needs to be higher than the supply
voltage minus the threshold voltage.

The line regulation [12] is given by

V;)ut 1
~ ) 5.3
VD D A RffRz ( )

where A is the open loop gain of the error amplifier and R; and R, are the
feedback resistors. Compared with the line regulation of an LDO with NMOS
pass device (equation 5.3) the line regulation is inferior by the factor g,,p rouip-
Thus, the open loop gain is even more important in order to achieve a good
line regulation.

13
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Figure 5.2: Schematic of an LDO with PMOS pass device. The pass device is operating in
common-source configuration.

The load regulation [12] is given by

A‘/th ~ 1

~ R
AIloacl mp A R1+2R2

(5.4)

Again, A is the open loop gain of the error amplifier, g, p is the transconductance
of the pass device and R, and R, are the feedback resistors. Therefore, the
load regulation is determined by A and g,,p.

5.3 Selected Pass Device

Using an NMOS as pass device would make it easier to get the LDO stable
due to the unity gain and zero phase shift, but the required charge pump
introduces another issues like a higher current consumption, additional silicon
area, voltage ripple in the supply voltage for the error amplifier and electro
magnetic interference. Using a PMOS as pass device introduces an additional
phase shift and makes it harder to get the LDO stable. In order to avoid issues
through the additional circuitry with the NMOS as pass device, the PMOS
pass device was chosen.

14
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Due to the high supply voltage a high voltage PMOS is necessary. In the H35
process there are three different 20V transistors available. One with a thin
gate oxide which has a maximum gate-source voltage of 3.6 V, one with a mid
gate oxide which can withstand a gate-source voltage of 5V and one with a
thick gate oxide which has a maximum gate-source voltage of 20V.

The PMOS with the thick gate oxide, has a threshold voltage of about 2V and
the lowest current gain of these three transistor types. At minimum supply
voltage of 2.75V it is only possible to get the gate-source voltage 0.75V higher
than the threshold voltage. This is not enough in order to source 50 mA. The
PMOS transistor with the thin gate oxide has the smallest threshold voltage
and the highest current gain. But this transistor has high leakage currents
at high temperature, so it would be necessary to have a higher gate voltage
than the supply voltage to turn the output current off. The remaining PMOS
transistor with mid gate oxide, lies in the middle. The threshold voltage is high
enough to turn the output current off and low enough to be able to deliver
50 mA.

Ve

Figure 5.3: Schematic for determining the transistor size. The drain-source current is
measured for a fixed drain, source and gate voltage.

Figure 5.3 illustrates the schematic which was used to determine the transistor
size. At source, drain and gate an ideal voltage source has been applied. The
source voltage Vpp was set to the minimum supply voltage and the gate voltage
Vi was set to 300 mV, because the error amplifier cannot go further down than
a saturation voltage of its output transistors. The drain voltage V,,; was set
to the desired output voltage. After simulating this circuit over all process

15
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corners and the minimum and maximum temperature, the corner with the
smallest current I,,; was picked out. The drain current is proportional to the
width and inverse proportional to the length of the transistor (see equation
2.1). By holding the length of the transistor constant the necessary width for a
particular current can be calculated to

I es
Wnew = Wald d . (55)

I min

Where W, is the width of the transistor used for the simulation, I, is the
desired maximum output current and I,,;, is the minimum current over the
simulated corners.

To simulate the leakage current the gate voltage was set to the supply voltage
in order to shut the device off. The maximum leakage current appears at the
maximum drain source voltage, therefore the supply voltage of 8 V was applied.
After a simulation over all process corners and maximum temperature, the
current was measured. Table 5.1 shows the result of the simulation. The leakage
current flowing from the source pin to the substrate (fjeqr sup) i 5.2 1A and the
current from source to drain (ljeqx sq) is 1.4 pA.

Ileakz,sub Ileak,sd
52pA  1.4pA

Table 5.1: Leakage currents of the pass device.

16



6 Error Amplifier

The error amplifier compares the reference input voltage with the output voltage
and controls the gate voltage of the pass device.

6.1 Pole/Zero Analysis with an Ideal One Stage
Error Amplifier

The ideal error amplifier was modelled by a voltage controlled current source
with a transconductance g,,; and an output resistor R;. The small signal model
of the ideal error amplifier and the pass device is presented in figure 6.1. The
pass device has a parasitic capacitance Cgg between the gate and source pin
and a parasitic capacitance Cgp between gate and drain.

l & &
Pass device

__________________ -

rTTT T T T T T T T T T T T TS s T T T T T T T 1
| | | |
I I I I
I @ I @ I
: O . i Vi i H
I I I
: Bm1Vin : Bm2V1 :
| ' |Ces I et
: Vin T Rl: = T Rz: = |Vout
I I I
I I I
| W | | W
| < @ T T <
I I I
1

L Error amplifier

Figure 6.1: Small signal model of an ideal error amplifier and pass device. The error amplifier
is modelled by an ideal current source and an output resistor. The pass device is
modelled by an ideal current source, an output resistor, a gate-drain capacitance
and a gate-source capacitance. C', is the external output capacitor.

17



Error Amplifier

The equations for the currents of nodes 1 and 2 are given by

Vi

In +vi5Cqs + (Vl _Vout)SOG’D =0 (61)
1

—Vin dmi +

and
Vout Vout

+ = 0. 6.2
R2 SéL ( )

Ima V1 + (Vout - Vl) S CVGD +

By solving this system of equations the numerator and denominator of the
transfer function T'(s) = Vyu/Vin can be determined to

Numerator(T(s)) = gm1 R1 gma R2 (1 — iGj; s) (6.3)
Denominator(T(s)) = 1+(Cas Ri+Cap Ri1+Cr, Ro+Cep Ro4+Cap gma R1 Ra) s
+(CasCap Ry Ry + O, Cap Ry Ry + Cs Cp Ry Ry) §° (6.4)
From equation 6.3 the open loop gain Ay, can be determined to
Aor = gm1 R1 gma Ra (6.5)
and a zero, caused by the capacitance Cgp, can be found at

dm2
= . 6.6
21 Con (6.6)

This zero is located at the right half plane which could cause stability issues.
Located at too low frequencies, it would increase the unity gain frequency and
decrease the phase margin.

In equation 6.4 the terms Cop Ry and Cgp Rs can be neglected, because these
two terms are much smaller than Cgp g R1 Ro. Also the term Cgs Cop Ri Ro
can be neglected because it is smaller than the other two terms. Now, the
denominator of T'(s) can be rewritten as

Denominator(T(s)) =1 +a's + b s> (6.7)
where
CL/ = CGS Rl + CL RQ + CGD gm2 R1 Rz (68)
and
b,:CLCGD Ry Ry + Cas Cr, Ri Rs. (69)

18
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By comparing equation 6.7 with

(1+as)(1+bs) =1+ (a+b)s+ (ab) s’ (6.10)
and assuming that the dominant pole lies at much lower frequencies than the
second pole (a > b), the dominant pole can be approximated [5] to

1 1 1
- T~ = 6.11
h a a Cas R1+ Cp Ry + Cap gma Ri Ry ( )

and the non-dominant pole to

Py = 1 ~ a/ o CGSR1+CLR2+CGng2R1R2
g = —— R —— _

b v N CLOGDR1R2+CGScLR1R2

(6.12)

Due to the Miller effect Cqp appears ¢,,2 Ro times larger than its real value
[5]. This pushes the dominant pole to lower frequencies. The second pole has
the Miller capacitance in the numerator, which means that this pole will be
pushed to higher frequencies.

Due to the equivalent series resistance (ESR) of the output capacitor a second
zero [14] appears at

1
ResrCr
This zero is located on the left half plane and can be used to compensate the
second pole in order to gain stability [2].

(6.13)

Z9 —

Now, the transfer function of this model can be written as

1 — %D 5)(1+ RgsrCr s
T(s) = 2 ~ Ao, 1 o T 5 (6.14)
Vin, (1 + pl S)(l + P2 S)

By setting po = m - p1, the necessary capacitance, in order to split the poles by
the factor m, can be determined:

VAmCp Cqs Ry R,
Im2 21 Ry

Cop ~ 0.5 (6.15)

The load capacitance C, can vary from 500 nF to 1.2pF and the equivalent
series resistor from 10mf2 to 100 m2. Therefore, the zero z, can be located
between
f B 1 B 1
M 91 Reshmar CLamae 27 - 100mQ - 1.271F

=1.33MHz  (6.16)

19
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and

femae = 1 - 1

—31.83MHz.  (6.17)

By setting the transconductance g,,; of the error amplifier to 10 pS and its
output resistance R; to 100 M(2, the small-signal parameters of the pass device
can be determined by simulation. Figure 6.2 shows the schematic used to get
the small-signal parameters and the pole frequencies. The current through the
feedback-resistors was set to 5 1A in order to hold the current consumption
low. To archive an output voltage of 2.65V the closed-loop gain has to be

Vour _ 2.65V
Vi, 12V

Acp = = 2.20833. (6.18)

By rewriting equation 4.10, the necessary ratio of the feedback resistors can be
calculated to

R
U= App —1=2.20833 — 1 = 1.20833. (6.19)
Ry

Now, with the current through the feedback resistors and the voltage over Ry,
which is equal to the input voltage, Rss can be calculated:

1.2
Vepz 12V 10k0 (6.20)

R = =
f2 ]ng 5pA

By rearranging equation 6.19 Ry can be determined to

Ryp1 = Rys (Acr, — 1) = 240k (2.20833 — 1) = 290kQ) (6.21)

Table 6.1 shows the DC simulation results and the pole frequencies for minimum
and maximum supply voltage and for minimum and maximum load current. In
figure 6.3 the AC response of the LDO is shown. The upper figure shows the
gain and phase for no load current and full load current of the LDO with a
supply voltage of 2.75V and the lower figure with the maximum supply voltage
of 8V.

By increasing the output current, the output resistance gets decreased. Thus,
the pole at the output moves up to higher frequencies and the inner pole gets
dominant. At low output currents the output resistance gets very high and the
output pole is coming down to very low frequencies and gets dominant. Due to
the pole movement over several decades it is very hard to gain stability.

20
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Figure 6.2: Schematic for the simulation of an one stage error amplifier. Rs; and Ry are
building the feedback network. With S0 the input can be connected to the
feedback node for the DC-simulation or to the AC-source for the AC-simulation.
Ry and O, with its equivalent series resistor (ESR) are representing the external
load.

One approach would be using the Miller effect. By putting the small signal
values of the point where the poles are closest to each other into equation 6.5
the open loop gain can be calculated:

Aor,Lpo = gm1 B gma R

= 10pA - 100 M2 - 138.5pS - 46.8 k) = 6482="76.2dB. (6.22)

Because the feedback loop is opened at the feedback node, the phase margin
also has to be measured there. Therefore, the open loop gain is damped by the

Vbbp 8V 2.75V
I 0OmA 50 mA 0OmA 50 mA

Om2  139.7uS  346mS  138.5pS  87.46 mS
Rowe 530k 53 €2 46.8 k2 1.7Q

Cgs 22.82pF 44.75pF 32.12pF 67.9pF
pl  268mHz  12Hz 2.4Hz 21.2Hz
p2 63.9Hz T7.4kHz 58.1Hz 71.7kHz

Table 6.1: Simulation results for an one stage error amplifier.
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voltage divider build of Rf; and Ry,. The open loop gain at the feedback node
can be calculated to

Ry 240 k(2
Aoppp = A 2 6482 — 2935=69.3dB
ObJb = FOLIDO B Ry 240kQ + 290 kO
(6.23)

To get a phase margin of more than 45° the second pole has to be located
at a higher frequency than the gain-bandwidth-product. The gain-bandwidth-
product lies at

GBW = Aorp1 = 2935 - 2.4 Hz = 7.04 kHz. (6.24)

Therefore, the second pole has to be located at an m = 2935 times higher
frequency then the dominant pole. Now, with equation 6.15 the necessary
capacitance Cgp to split the poles can be determined:

\/4mCL Cas Ry Ry .
gm2 Ry Ry

CGD ~ 0.5

V42935 - 1.2puF - 32.12 pF - 100 M2 - 46.8 k(2
138.5 S - 100 MS2 - 46.8 k€2

A capacitor of this size would be far to large to be produced on a chip. Therefore,
this concept cannot be realized.

0.5 = 1.120F  (6.25)
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Figure 6.3: AC-response of an LDO with an one stage error amplifier for a supply voltage
of 2.75V (upper diagram) and 8V (lower diagram). For low load currents the
output pole is dominant and for high load currents the inner pole is dominant.
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6.2 Error Amplifier with Reverse Nested Miller
Compensation

For the reverse nested Miller compensation a three stage amplifier with an
inverting second stage and a non-inverting third stage is needed [15]. The
principle of the reverse nested Miller compensation is shown in figure 6.4.
The capacitors Cc; and Cgo are connected from the outputs of the second
and third stage to the output of the first stage and are performing the Miller
compensation. The parameters ¢,,1, gm2 and g,,3 are the transconductance of
the first, second and third stage respectively. Also R1 and C'1, R2 and C?2 and
R3 and C3 are the output resistances and capacitances of their particular stage.

Jj Ca
||

Vin Vout

R1 1 G Rz 1 C: R3 1 G

Figure 6.4: Reverse nested Miller compensation. A three stage amplifier where the compen-
sation capacitors are connected between the outputs of the first stage and the
second stage and between the first stage and the third stage. The second stage
has to be inverting and the third stage non-inverting.

The advantage of the reverse nested Miller compensation is the ability to
drive heavy capacitive loads and achieve a high bandwidth since the inner
compensation capacitor is not loading the output node [16].
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Referring to [15], the transfer function can be approximated to

C C Cc1Cos 2
T(S):M:AOL 1_(97022 gngTCnlz),R2)S_ gﬁigfﬁs
. s CcaCs _ Coy | Cea CcaCs 2]
i (L) [+ (e - ) s i
(6.26)
The open-loop gain is given by
Aor = gm1 Ba gma Ba gims B3 (6.27)
and the dominant pole p; is determined by
! (6.28)
P =— . .
' R1 Co1 gma R gms 3
Therefore the gain-bandwidth product can be calculated to
9mi1
GBW = Ao p1 = =—. (6.29)
Cen

The other two poles are usually building a conjugate-complex pole pair. Also
two zeros can be found. The lower one on the right half plane and the higher
one on the left half plane. The zero on the right half plane can be critical for
stability. To avoid this right half plane zero, the feed forward path has to be
eliminated. This can be done by adding a current or voltage buffer into the
feedback path.

By adding one inverting and one non-inverting current buffer into the feedback
paths, the feed-forward paths can be eliminated and the output stage does not
have to be non-inverting. This is presented and analysed in [17]. The concept of
this reverse nested Miller compensation with current buffers is shown in figure
6.5.

Figure 6.6 shows how the second and third stage can be implemented. The
transistor M; builds a common source stage with current mirror load. M,
mirrors the current with a ratio of 1:M to the pass device and therefore to
the output. Increasing v;, leads to a higher current through M; and therefore
through M, and the output voltage goes up.

The inverting current buffer is realized by connecting the compensation capacitor
to the input of a current mirror. This is illustrated in figure 6.7. A left half

plane zero appears at
_ngl

Ce1

(6.30)

21 =
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8mc2

[

Ry 1 C1 Ra 1 Ca Rs 1 Cs

Figure 6.5: Concept of an LDO with reverse nested Miller compensation with current

buffers. Current buffers are added to eliminate the feed forward paths.

Vout

Second Stage Third Stage

Figure 6.6: Implementation of the second and third stage. Increasing V;,, increases the

current through M;. My mirrors this current with a ratio of 1:M to the pass
device M, therefore the output voltage increases too.
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VDD

Bias O—| Mec1

out

Figure 6.8: Concept of a non-

Figure 6.7: Concept of an inverting current
inverting current buffer. The input
buffer. The input is connected to
is connected to the the source pin
input of a current of a transistor
mirror. in common gate

configuration.

For the non-inverting current buffer the compensation capacitor is connected
to a transistor in common gate configuration. This is also known as cascode
compensation. Figure 6.8 shows this concept. This introduces also a left half
plain zero at

gmc2
= — . 6.31
= Ceo (6:31)

The transfer function of the reversed nested Miller compensated amplifier with
current buffer can be approximated [17] to

 Vou (1+ g2 )1+ gots)
T(s) = ~ Aor Cc2 Cs Cc1 g)°
Vin (1+ Cor Ry gz Ra gms Rs 5)(1+ §2255 5)(1 + Cvs)

(6.32)
Due to the Miller effect the capacitance Cc; appears amplified with the gain of
the second and third stage. Therefore the dominant pole can be found at the
output of the first stage and lies at the same frequency as without the current
buffers (equation 6.28). The open loop gain is given by

Aor = R1 gmi1 Ra gma2 Rs gms. (6-33>

27



Error Amplifier

The gain bandwidth product can be calculated to

GBW = Aoy py = 2L, (6.34)
Cen

From the transfer function (equation 6.32) the second pole can be determined
to

9m3 OCI
== 6.35
b2 Coa Cs (6.35)
The third pole
gmc1
— 6.36
D3 Cer ( )

is compensated by the zero z;. Thus, the transfer function has one zero and
two poles. The phase margin can be approximated to

B B
PM =~ 90° — arctan (G W) + arctan <G W) : (6.37)
D2 Z2

By adding a series resistor much larger than 1/g,,c9 into the feedback path of
Ceo, the zero can be moved down to a certain frequency

IS
ReoCoo’

Z9 =

(6.38)

The proposed LDO with the error amplifier using reverse nested Miller compen-
sation with current buffers is presented in figure 6.9. As input stage a folded
cascode differential amplifier is used. This folded cascode amplifier consists of
the input differential pair M; and My, the cascodes My/ Mg and Ms/M; and
the current mirror Mg/My. The second stage is build by the transistor My; in
common source configuration and a diode connected load (Mjg). The output
stage is build by the pass-device M,,ss, also in common source configuration.

Ry and Ry are the feedback resistors and are determining the closed loop
gain of the LDO. The compensation capacitor C¢; is connected between the
output and the input of the current mirror Mg/My. Cce and Res are connected
from the output of the second stage into the cascode Ms/M;. The capacitor
Ccs and the resistor Re3 between the outputs of the first and second stage are
applied to create an additional zero. Together with C'co and Reg the zeros zp
and zz will appear[17] at:
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1
" RezCea+ Res Cos

( L ! ) (6.40)
Yo RS — .
° RcoCoa ResCes

(6.39)

Zo N

This is also influencing the second pole which can now be found at:

1

n Cea Cca Cc2C3
RCQ CC2 + ch CC3 + gmcC2 + gmc1 gm3 R3 + Cc19ms

P2 =

Vbias2

w g
Vbiasz
L
MB Mg
_______________________________________________________________ |
Folded Cascode Input Stage Adaptive Biasing Stage Output Stage

Figure 6.9: Schematic of the proposed error amplifier with reverse nested Miller compensa-
tion with current buffers. The input stage is a folded cascode OTA, the second
stage is the adaptive biasing stage and the output stage consists of the pass
device in common source configuration.
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6.3 Discussion of the Presented Error Amplifiers

The concept of the single stage error amplifier with Miller compensation is the
simplest approach for the LDO. Due to the large output capacitance of 1 puF
and the gate capacitance of the pass device up to 70 pF, the compensation
capacitor would have to be in the range of 1 nF in order to stabilize the LDO.
A capacitor of this size is too large to be manufactured on-chip. Therefore this
concept can not be realized.

The reverse nested Miller compensation has the ability to drive high load
capacitances and achieve a high bandwidth because the output node is not
loaded by the inner compensation capacitor. But this concept introduces a low
frequency, right half plane zero which leads to a reduction of the phase margin
and therefore introduces stability issues. By adding current buffers into the
feedback paths, the right half plane zero changes to a left half plane zero. This
can be used to compensate a pole and gain stability. This concept is called
reversed nested Miller compensation with current buffers.

The ability to achieve a high bandwidth, even for a high load capacitance is
the reason for choosing the concept of the reversed nested Miller compensation
with current buffers for this project.
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7 Design and Simulation of the
LDO Regulator

7.1 Design

The reversed Miller compensation with current buffers, as discussed in the
previous section, has the ability to achieve a high bandwidth even at heavy
capacitive loads. Therefore this concept was implemented. The process used
for this device is the H35 CMOS process from ams AG. Figure 7.1 illustrates
the final schematic of the LDO. The pass device My,,s is a PMOS with mid
gate oxide. This means, the pass device can withstand a higher voltage at its
gate and also has a higher threshold voltage. In this application the higher
threshold voltage is the reason for using the mid oxide transistor. This makes
it possible to turn off the output current at 200 °C (see section 5.3).

Due to the current mirror driving the output stage, My has to be the same
type of transistor as the pass device. Therefore Mg is also a PMOS transistor
with mid gate oxide. In order to hold the current consumption of the LDO as
small as possible the ratio of the current mirror My and M,,ss has to be very
large. This leads to the effect that for small output currents the transistor Mg
reaches the sub-threshold region, where only several nano ampere are flowing.
To make sure that M;; stays in a reasonable biasing condition the resistor R,
was added.

To generate the bias voltages for the current mirrors a reference current is
needed. This bias current was set to 1 pA and mirrored to M3, M4 and Ms.
M5 and Mg are generating the gate voltage for the cascode transistors Mg,
Mg and M. M7 mirrors the bias current to M, and Ms.
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Figure 7.1: Final schematic of the LDO, including biasing blocks, power down mechanism
and protection circuitry.
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A power-down mechanism has been implemented with the transistors Mg,
Mpaa, Mypas, Mpas, Mpas, Mpas, Mpqr and M,qg. The power-down signal is an
external signal with the values 0V or Vpp, therefore it can reach a voltage up
to 8 V. Since this voltage is applied at the gates of the power down transistors,
the gate-source voltage can also reach 8 V. Thus, these transistors are designed
as thick gate oxide transistors. The thin and mid oxide transistors would be
destroyed by such a gate-source voltage. The power-down mode is implemented
as active-low, which means, if the power-down signal has 0V, the LDO is
switched off. M4 cuts off the bias current of the LDO. If this would be a
NMOS, its source voltage would be about the threshold voltage of Mi,. Thus,
in order to source current, the gate-voltage of Mpy has to be larger then
the threshold voltage of Mis plus the threshold voltage of Mpg;. At minimum
supply voltage the sum of these two threshold voltages is higher than the supply
voltage, hence, the transistor would not be able to turn on the bias current.
This is the reason for using a PMOS at this place. Mpgo, Mpgz and Mpgyy are
pulling the gates of the PMOS current mirrors up to the supply voltage. Thus,
the gate-source voltages of the current mirror transistors are going to be zero
and the current mirrors are turned off. The transistors Mpgs, Mpge and Mpg;
are turning of the NMOS current mirrors by pulling the gate voltages down
to the ground potential. Mpyg is used to pull down the output. If it would be
applied directly at the output it shorts the load capacitance and a high current
would flow through the transistor which could destroy it. By connecting the
drain between the feedback resistors, this current is limited through Ry;.

The PWDN signal is generated by an inverter consisting of two high voltage
transistors with thick gate oxide. This is illustrated in figure 7.2.

Voo
O
Mpe
PWDN PWDN
M
GND
O

Figure 7.2: High voltage inverter to generate the PWDN signal
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The transistors Megq1, Mesqo and M43 are special ESD-MOSFETS to protect
the circuit at critical points. M. protects the gates of the PMOS current
mirrors. M,s4 makes sure that the potential at the source pins of the differential
input pair cannot reach the gate-source breakdown voltage. The gate of My is
protected by M,sq3. The resistors R.sq; and R..q2 are protecting the gates of
the current mirror transistors Mi5 to Mig. If the drain of Mi3 or My, is being
pulled down, the current through the resistor introduces a voltage drop. This
voltage drop holds the gate voltages of the PMOS current mirror transistors at
higher voltages.

The transistors My, Ms5, M5 and M7 are low voltage transistors. In the layout
they can be placed much closer to each other than the high voltage devices,
therefore a better matching can be achieved.

If the supply voltage goes up without applying a bias current — this could
be if the LDO is in power-down mode — than the transistors M, and M5 are
sourcing no current too. Therefore, the drains of My and M; are not going
to change their potential. Because My and M5 are low-voltage devices, the
drain-source breakdown voltage will be reached for high input voltages. To
avoid this, Mg and My, are implemented. These are thick-oxide transistors
in diode configuration. The threshold voltage is much higher than the voltage
drop over M4 and My at normal operating condition. Thus, this transistors are
sourcing no current and are not influencing the function of the circuit. But if
the voltage drop would get higher than the threshold voltage of My and Ms,
then they are limiting the maximum drain source voltage of M, and M5.

The gain-bandwidth product should be as small as possible in order to hold the
unity gain frequency lower than the non-dominant poles. Referring to equation
6.34 this means the compensation capacitor has to be large and g,,; has to be
small.

7.2 Simulation

Figure 7.3 shows the testbench used to simulate the LDO. For the AC-analysis
the feedback path is cut open and led out to the testbench through the two
pins feedback out ("FBO”) and feedback in ("FBI”). The switch SO connects
either the "FBO” pin directly to the "FBI” pin (DC-analysis) or the AC-source
to the "FBI” pin (AC-analysis). The signal ”Select” is for setting the output
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voltage to 2.65V or 2.95V. ”VDD” is the supply voltage, ” Vref” the reference
voltage and the bias current for the LDO is applied through the ”bias” pin.

Bias
VDD

GND

LDO_Out

Vref

Vref FEO

FBI

bias
WoD

LDO_RNMECB | po_out

Select select

_ PWDN
nma —&—— PWDN

Figure 7.3: Schematic of the testbench for the simulation of the LDO. With the ”select”
pin the output voltage can be chosen (2.65V or 2.95V), "Vref” and ”Bias” are
the 1.2V reference voltage and the 1A bias current respectively and ?VDD” is
the supply voltage for the LDO. With the pins "FBO” and "FBI” the feedback
loop can be opened and the AC-source can be added through the switch ”S0”.
With the ”"PWDN” pin the LDO can be set into the power-down mode. Cy and
R; are modelling the external output capacitor and its ESR respectively. I3 is
a current source to sink the load current.

7.2.1 DC Analysis

The results of the DC-analysis for the typical mean point of the process corners
at room temperature (27°C) are shown in table 7.1. The output voltage was
set to 2.65V through the ”Select” signal, the load current (I7,.4) Was set to
50mA and 250 pA and the supply voltage (Vpp) was set to minimum (2.75V)
and maximum (8 V) voltage. Vi po_ow is the output voltage of the regulator
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and I;po is the current amount of the LDO itself. Due to the adaptive gain

stage the current amount increases with higher load currents. In standby I7,po
goes down to about 45 pA.

Vbb 2.75V 8V
I1o0d 250pA 50mA  250pA 50mA

Viboow 2.634V 2634V 2634V  2.634V
Iipo  45.47pA 309.5puA 44.9pA  117.4pA

Table 7.1: DC-simulation results for 2.65V output voltage.

Table 7.2 shows the results for the same simulation, but with the 2.95V output

voltage selected. The minimum supply voltage was set to 3.05V in order to
have 100 mV more than the output voltage.

Vbbb 3.05V 8V
11004 250 pA 50 mA 250pA  50mA

Viboouw 2.94V 2.94V 294V 294V
I1.po 50.7pA  337.6pA  50.2pA  123pA

Table 7.2: DC-simulation results for 2.95V output voltage.

For the corner simulation the worst case (WC) models for the transistors,
the resistors and the capacitors were used. Furthermore, the minimum and
maximum values of the temperature, the load capacitance, the load current and

the supply voltage were taken account for this simulation. Table 7.3 presents
the used worst case parameters.

Transistor Resistor Capacitor Cr I100d Vop  Temperature
WC Speed WC Speed WC Speed 500nF 250pA  2.75V —40°C
WC Power WC Power WC Power 1.2uF 50mA 8V 200°C
WC One - - - - - -
WC Zero - - - -

Table 7.3: Input parameters for the corner simulation.

The minimum and maximum outputs of the corner simulation for 2.65V output
voltage is shown in table 7.4. The variation of the output voltage is 13 mV and
the current amount can raise up to 751.2 pA at full load condition.
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Minimum Maximum

Viboow 2629V 2642V
Iipo 36.1pA  751.2pA

Table 7.4: Corner simulation results.

7.2.2 AC Analysis

The typical mean simulation was done with the typical mean models of the
transistors, the resistors and the capacitors. The load capacitance was set to
1pF and the Equivalent Series Resistor (ESR) of the load capacitor (R; in
figure 7.3) was set to 10 m{2. Figure 7.4 shows the frequency response of the
LDO with 2.65V output voltage. In the upper diagram the supply voltage
was set to 2.75V and for the lower diagram it was set to 8 V. For both supply
voltages the simulation was done with 50 mA and 250 pA load current.

With higher input voltages the output resistance, dominated by the drain source
resistance of the pass device, increases. Thus, referring to equation 6.33 the
open loop gain also has to increase. The dominant pole, given by equation 6.28,
is pulled to lower frequencies due to the higher output resistance. The zero z,
(equation 6.39) was designed to cancel the second pole ps (equation 6.41). The
zero z3 (equation 6.40) was placed to cancel one of two high frequency poles
which would generate a conjugate complex pole pair and cause instability.

Increasing the load current leads to a higher transconductance and a lower
drain-source resistance of the pass device, thus the dominant pole moves to
higher frequencies and the gain gets decreased. This effect is much stronger at
low supply voltages because the low voltage drop between input and output
causes the pass device to go near the linear region. Therefore, the drain-
source resistance decreases stronger, which reduces the gain even more and
pushes the dominant pole up to higher frequencies. The second pole frequency
(equation 6.41) is also affected by increasing the load current, because it is also
proportional to the transconductance of the pass device and therefore is pushed
to higher frequencies.

Table 7.5 shows the phase margin and gain margin for these operating conditions.
By increasing the load current the poles are pushed to higher frequencies, but
the gain bandwidth product, given by equation 6.34, stays nearly constant.
Therefore, the phase margin increases. Figure 7.5 presents the dependency of
the phase margin on the load current.
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AC-response of the LDO for 2.75V and 8 V supply voltage with 250 pA and
50mA load current at 2.65V output voltage. The dominant pole frequency
increases and the open loop gain decreases with the load current.
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Vop 2.75V 8V
L1 oud 250pA  50mA  250pA  50mA

Phase Margin  36.6° 82.2° 37.3° 92.9°
Gain Margin 20.8dB 38.9dB 23.5dB 25.8dB

Table 7.5: Typical mean phase margin and gain margin for 2.65V output voltage.
90.0 4
80.0 -

70.0 1

Phase Margin (deg)
3
(=]

50.0 |

40.0 |

30.0 |

0.0 10,0 20.0 30.0 40.0 50.0
IL (mA)

Figure 7.5: Phase margin depending on the load current. The phase margin increases with
increasing the load current, beginning at about 36° up to 82°.

The frequency response of the 2.95V output voltage for the typical mean
simulation is illustrated in figure 7.6. As expected, it does not look much
different to the 2.65V output, because the only thing changed is the ratio of
the feedback resistors in order to get a higher closed loop gain. The phase
margin and gain margin are presented in table 7.6.

Again, the corner analysis was done with the parameters listed in table 7.3.
The maximum and minimum values of the phase margin and gain margin over
all corners are illustrated in table 7.7.
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Figure 7.6: AC-response of the LDO for 3.05V and 8V supply voltage with 250 pA and
50mA load current at 2.95V output voltage. The frequency behaviour with
2.95V output voltage is nearly the same as with the 2.65V output voltage.
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Vop 3.05V 8V
L1 oud 250pA  50mA  250pA  50mA

Phase Margin ~ 38.6° 84.4° 39.2° 93.2°
Gain Margin 21.8dB 40.7dB 24.6dB 27.0dB

Table 7.6: Typical mean phase margin and gain margin for 2.95V output voltage.

Vout 265V 295V

Minimum Maximum Minimum Maximum

Phase Margin 29.2° 104.6° 29.9° 103.1°
Gain Margin 9.8dB 56.6 dB 10.9dB 58.1dB

Table 7.7: Minimum and maximum results for the phase margin and gain margin of the
corner analysis.

For the power supply rejection (PSR) simulation the control loop was closed
and the AC source applied to Vpp. The output was measured in decibel by
applying a 1V AC signal. The results for the 2.65V output under different load
and supply voltage conditions are presented in figure 7.7. Due to equation 5.3
the line regulation and therefore also the PSR is mainly dependent on the open
loop gain A. As mentioned before, the open loop gain decreases with increasing
the load current, thus the PSR gets worse. At the 8 V supply voltage the PSR
is higher and less depending on the load current compared to the 3.05 V.
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Figure 7.7: Power supply rejection of the LDO at 2.65V output voltage. The PSR is higher

with 8V supply voltage than with 2.75V supply voltage. At 2.75V supply
voltage the pass device reaches the linear region and the PSR decreases.
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7.2.3 Transient Analysis

For the transient analysis a load step was applied from 250 pA to 50 mA with
a rise time of 10 pus. The response of the output with the 2.65V output voltage
selected and 2.75V supply voltage is shown in figure 7.8.
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Figure 7.8: Transient response to a load step at typical mean condition with 2.65V output
voltage. The over- and undershoots are smaller than 30mV.

To get the worst case of the over- and undershoots a corner analysis was done.
The over- and undershoots are highest if the supply voltage is at its minimum.
For the worst case overshoot the highest possible reference voltage V,.; with
1.224 'V was applied. Due to the maximum allowed output voltage of 2.8V the
supply voltage needs to be higher than 2.8 V. Therefore it was set to 2.83V to
see if the output voltage gets higher than the allowed voltage. For the worst case
undershoot, the smallest supply voltage of 2.75V and the smallest reference
voltage was applied. The result of this two cases is illustrated in figure 7.9. The
minimum allowed voltage of 2.5V and the maximum allowed voltage of 2.8 V
have not been crossed.

Figures 7.10 and 7.11 are showing the step response under typical mean
condition and the worst case over- and undershoot for the 2.95V output
voltage. Here too, the specified tolerance of +150mV has been achieved.
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Figure 7.9: Worst case over- and undershoot by applying a load step from 250 pA to 50 mA
in 10 pus at 2.65V output voltage. The highest and the lowest peak are in the
range of the £150mV.

The transient response to a 1V step in the supply voltage is presented in figure
7.12. The rise and fall time for the line step was set to 10 us. With decreasing
the supply voltage to the minimum of 3.05V at the 2.95V output, the pass
device enters the linear region and the LDO will not be able to suppress the
peak as good as with higher supply voltages.
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Figure 7.10: Transient response to a load step from 250 pA to 50mA in 10ps at typical
mean condition with 2.95V output voltage. The over- and undershoots are
smaller than 30 mV.
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7.2.4 Discussion of the Simulation Results

The DC-simulation shows that the output voltage in the typical mean simulation
stays constant over the whole load current and supply voltage range. Therefore,
the load- and line regulation is negligible small. The quiescent current at 250 pA
load current lies at about 50 pA. This is the half of the specified maximum
quiescent current. At 50 mA load current the current consumption of the LDO
increases to about 340pA. This high current consumption at high loads is
caused by the adaptive biasing stage, especially at minimum supply voltage,
because the pass device reaches the linear region. The worst case simulation
gives a variation of the output of 13mV, which is in the range of the targeted
20mV (see section 4). The current consumption can raise up to about 750 pA.
This is much higher than the targeted 100 pA and could be a task for the future
to get reduced.

The AC-simulation results for the typical mean simulation gives a phase margin
of about 37° for minimum load current and increases with the load current up
to about 90°. This is much lower then expected from [17], where phase margins
were achieved of over 100° over the whole range of the output current. In the
worst case simulation, the phase margin decreases to about 29°.

The transient analysis gives for a load transient at minimum supply voltage
from minimum to maximum load current in 10 ps over- and undershoots in the
range of 30mV. Together with the deviation of the bandgap, the over- and
undershoots are not reaching the £150mV.

The designed LDO meets the specification, but the phase margin and the
current consumption are leaving place for improvement.
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8 Testchip

In order to evaluate the behaviour of the regulator, a test chip was manufactured.
On the test chip additionally an already existing bandgap reference and current
reference were implemented. These two blocks were used to generate the 1.2V
reference voltage and the 1 pA bias current for the LDO. With an input pin
("ext_en”) it can be chosen if this internal reference and bias or an externally
applied reference voltage (" Vref_ext” pin) and current (”bias_ext” pin) source
are used. To be able to measure the internal bandgap reference and current
reference they have to be connected to output pins (” Vref_out” and ”Ibias_out”).
With an input pin ("ref_out_en”) these references can be switched to their
output pins. The bandgap reference has six trim bits (v_trim0 to v_trim5) and
the current reference has five trim bits ("i_trim0” to ”i_trim4”) in order to set
the desired output values. Also a power-down pin (”pd_vref_bias”) for the two
blocks was implemented. The LDO and the reference circuits have different
supply pins because the reference circuits are built with low voltage devices
which cannot withstand the maximum supply voltage of 8 V. With the "select”
input pin the output voltage (2.65V or 2.95V) can be chosen. To shut the LDO
down, the "PWDN” pin is used. "LDO_Out” is the output pin of the LDO
regulator, ”VDD” is the supply voltage for the LDO (up to 8 V) and ”"vdda” is
the supply voltage for the bandgap reference and the current reference (3V).

8.1 ESD Concept

In order to avoid the destruction of the test chip due to an electrostatic discharge
(ESD), an ESD protection circuitry has to be applied. The concept of this
circuitry is presented in figure 8.1. The test-chip is split in three voltage domains:
The ”vdda” domain, the ”VDD” domain and the "LDO_Out” domain. Every
domain has two current paths, one for the primary protection, where the main
part of the ESD current is flowing and one for the secondary protection.

Every signal pad has diodes to protect the gates of the transistors from voltages
higher than the supply voltage and lower than the ground potential. To protect
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Testchip

the supply voltage against to high voltages in case of an ESD impulse a clamping
diode is applied. The digital inputs have an additional Schmitt trigger stage in
order to get clear defined states.

In the "vdda” domain two analogue pads, for the bandgap reference and the
current reference output and thirteen digital pads, for the trim bits, the power
down signal and the clock signal are applied. In the "LDO_Out” domain two
analogue input pads for the external references and two digital input pads for
the ”select” signal and the ”"ext_en” signal are applied. The ”VDD” domain
consists of a 15V clamp and the "PWDN” pad.
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9 Evaluation

Figure 9.1 shows the layout of the LDO. The main part of the silicon area is
used by the pass device and the compensation capacitors. In order to hold the
parasitic resistance at the output as small as possible, the drain of the pass
device is connected with as much vias as possible to the metal layer.

Compensation Capacitors Pass Device

Figure 9.1: Layout of the LDO. The area of the pass device is as large as the rest of the
circuitry

The testchip was directly bonded to a printed circuit board (PCB) and measured
under a thermostream. The measurement setup is shown in figure 9.2. The
supply voltage for the LDO is generated by an Agilent E3631A and the reference
voltage and the bias current are applied by a Keithley 2602B source meter.
The switches for the ”Select” and the "ext_en” signals are supplied with 2.5V
in order to have always a lower voltage than the output. Would the voltage
on this input pins get higher than the output voltage, then a current would
flow through the ESD diodes to the output. Due to the voltage drop over the
ampere meter, the supply voltage is measured after the ampere meter.

First, the leakage current of the LDO was measured. The LDO was set to the
power-down mode and the supply voltage was set to 8 V. Beginning at 100 °C
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Figure 9.2: Measurement setup for the LDO. The supply current is measured with an
ampere meter. The supply voltage is measured after the ampere meter due to
the voltage drop over the ampere meter. The digital pins are supplied with
2.5V and can be turned off and on with the switches S1 to S15. The reference
voltage and bias current are applied through a Keithley 2602B source meter.

the temperature was increased in 10 °C steps up to 220 °C. The results of this
measurement is presented in figure 9.3. The leakage current grows exponential
with the temperature. The main part of the leakage current is introduced by
the diode from the VDD pad to ground.

The LDO was designed for a bias current of 11A. By applying this bias current
the output voltage breaks down and the LDO gets unstable at 200°C and
high load currents. Increasing the bias current leads to higher stability in
this operating point and the LDO works properly again. The reason for this
behaviour could be the increasing leakage currents and the additional heating
of the pass device through the high load currents. Therefore, all following
measurements were done with a bias current of 2.5 pA. Using this higher bias
current decreases the phase margin at lower temperatures and increases the
maximum deviation of the output voltage.
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Figure 9.3: Measurement of the leakage current at 8 V supply voltage in power down mode.
The leakage current increases exponential with the temperature. At 200 °C the
leakage current is about 55 pA.

Now, a supply voltage sweep over the whole temperature region was done, where
the supply voltage was increased from 3.05V to 8 V. From 3.05V to 3.2V the
step size was set to 50mV and beginning with 3.5V to 8 V the step size was
set to 0.5 V. The supply voltage sweep was done over the whole temperature
region of —40°C to 200°C in 20 °C steps. This measurement was done for a
load current of 250 pA (figure 9.4) and for a load current of 50 mA (figure 9.5).
At low output currents the output voltage stays nearly constant over the whole
region of the supply voltage. For high load currents and small supply voltages
the output voltage breaks down, especially at high temperatures.

To determine the quiescent current, the load current was subtracted from the
measured supply current. The dependency of the quiescent current on the
supply voltage is presented in figure 9.6 for the minimum load current of 250 pA
and in figure 9.7 for the maximum load current of 50 mA. At low input voltages
the current consumption of the LDO increases due to the adaptive biasing and
the low difference between the supply voltage and the output voltage. Under
low load current condition the quiescent current increases with the temperature.
The main part of this effect is caused by the leakage current of the diode at
the VDD pad.
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Figure 9.4: Measurement results of supply voltage sweeps under different temperatures for
a load current of 250 pA. The output voltage stays constant over the whole
supply voltage region and increases about 9mV over the temperature region.
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Figure 9.5: Measurement results of supply voltage sweeps under different temperatures for a
load current of 50 mA. For the minimum supply voltage the output voltage gets
decreased at high temperatures. For higher supply voltages the temperature
dependency lies at about 30mV over the whole temperature region.
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Figure 9.6: Dependency of the quiescent current on the supply voltage for a load current
of 250 pA. The quiescent current stays nearly constant over the whole supply
voltage region and increases with the temperature.
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Also a load current sweep was done over the whole temperature region. The
load current was increased from 250 pA to 50 mA. Here too, the step size at the
beginning was chosen smaller (250 pA) until a current of 1 mA. Starting with
2mA to 50mA the load current was increased in 4 mA steps. Again, this was
done over the whole temperature region with 20 °C steps. Figures 9.8 and 9.9
are presenting the results of this measurement for a supply voltage of 3.05V
and a supply voltage of 8 V respectively. The output voltage is approximately
linear decreasing with the increasing load current. This behaviour could be
introduced by the resistance of the bonding wire from the chip to the printed
circuit board. This parasitic resistance increases with the temperature.
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Figure 9.8: Measurement results of load current sweeps under different temperatures for a
supply voltage of 3.05V. The output voltage decreases linearly with the load
current, which suggests parasitic resistors in the output path.

The dependency of the quiescent current on the load current is presented in
figures 9.10 and 9.11 for the minimum and maximum supply voltage respectively.
At the low supply voltage the quiescent current starts very low and increases
with the load current. Due to the adaptive biasing stage and the low voltage
drop over the pass device, the quiescent current can increase to 1.6 mA. At
the high input voltage the quiescent current increases too, but the pass device
always stays in saturation and the quiescent current does not reach this high
values as with the low supply voltage.
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Figure 9.9: Measurement results of load current sweeps under different temperatures for
a supply voltage of 8 V. The load current decreases linearly with the output
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57



Evaluation

0.35
——A0°C
0.3 —e—-20°C
——0°C
— 0.25
2 —e—20°C
£ ——40°C
2 0.2
[
= —a—60°C
3
(W]
Tt 0.15 —e—30°C
a
u
o ——100°C
3J
g 01 —e—120°C
——140°C
0.05
——160°C
——180°C
0
0 10 20 30 a0 50 —e—200°C

Load Current in [mA]
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58



Evaluation

Figures 9.12 and 9.13 are showing the relation between the output voltage and
the temperature under minimum and maximum load condition respectively. At
the low load current the output voltage varies only about 9mV. Under high
load condition the variation of the output voltage is much higher.
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Figure 9.12: Output voltage over temperature for 250 pA load current. The deviation of
the output is about 9mV.
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Figure 9.13: Output voltage over temperature for 50 mA load current. The deviation of

the output voltage is higher with the minimum supply voltage (3.05V) than
with the maximum supply voltage (8 V).
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0.1 Discussion of the Evaluation Results

The leakage current of the diode on the VDD pad increases at 200°C to
about 55 pA. This would be more than the half of the maximum allowed
quiescent current, therefore, for applications in this temperature region standard
protection pads are not sufficient and special low leakage pads should be used.

Through the self heating of the pass device, due to the high load current and
voltage drop over the pass device, the bias current had to be increased to 2.5 nA.
This reduces the worst case phase margin to about 26°.

Under low load condition (250 1A) the output voltage varies about 9mV over
the whole temperature region and stays nearly constant over the whole range
of the supply voltage. With increasing the load current, the output voltage
decreases. The reason for this can be parasitic resistances like the bond wire or
the path from the pass device to the output pin.

Neglecting the leakage current of the diode on the VDD pad, the quiescent
current of the LDO for a low load current is about 70 1A, which is a bit higher
than the simulation results. This could be caused by the higher used bias current.
At high load currents and minimum supply voltage the current consumption
can increase up to 1.6 mA, which is much higher than the simulation results. A
possible reason for this behaviour could be a voltage drop in the supply voltage
over parasitic resistances, introduced by the bonding wire and the path from
the supply pad to the LDO. This voltage drop causes a smaller voltage as the
drop-out voltage over the pass device. With this too low voltage over the pass
device, the current consumption of the adaptive biasing stage increases.

This LDO leaves yet room for improvement, especially at high load currents,
but it is a working solution and delivers a nearly constant output voltage up to

200°C.
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10 Conclusions and Future Work

In this work a high temperature LDO was designed. As pass-device a PMOS
transistor is used. The advantage of using a PMOS pass-device is that there
is no charge pump necessary to get low drop-out voltages. The disadvantages
of the PMOS, compared to an NMOS, are the larger device size due to the
smaller mobility of the charge carriers and the load current depending gain.

As error amplifier, first an ideal one stage error amplifier was analysed together
with using the Miller effect to stabilize the circuit. With this concept the
additional necessary capacitance would be to large to be realized on-chip. The
reason for this is the large output capacitor which causes the non-dominant
pole to get to low frequencies near the dominant pole. Therefore, the LDO is
realized with the concept of the reverse nested Miller compensation with current
buffers. This is a three stage design where the stage driving the pass device is
an adaptive biasing stage. This means, the quiescent current increases with the
load current and pushes the non-dominant pole to higher frequencies.

This LDO was implemented on a test-chip and evaluated. Due to high leakage
currents and heating through the high current and the high supply voltage the
LDO was not working properly at 200 °C. Increasing the bias current solved
this problem but introduces a smaller phase margin and a higher variation of
the output.

The hardest part at working at this thesis was to get a reasonable phase
margin over the whole temperature region, due to the big differences of the
threshold voltage and the leakage currents between minimum and maximum
temperature.

The figure of merit (FOM) is used to compare the transient behaviour of LDOs

[1] and is defined by

Cout AVour Ig
I? '

Load_-max

The lower the value of the FOM the better the transient behaviour.

FOM = (10.1)
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The current efficiency is the ratio between the quiescent current and the load
current:
Current efficiency = LLoodmas — Ig 100%. (10.2)
]Load,max
A high current efficiency means, the LDO is able to source high currents by
having a small current consumption. Therefore, the higher the current efficiency
the better.

Table 10.1 compares this LDO with previously reported LDOs. This LDO
has the highest supply voltage range and compared to [1] [2] and [17] a lower
drop-out voltage. The high current consumption together with the smaller load
current are resulting in a high figure of merit. But the main reason for this high
current consumption is the ability to operate at temperatures up to 200 °C,
where the other LDOs are only able to operate up to 80°C or 125°C.

1] 2] [17] [18]  This Work
Year 2007 2009 2010 2014 2014
Technology 0.35 0.6 0.5 0.35 0.35
Voo [V] 9-55 35-5 14-42 332-5 275-8
Vour [V] 1.8 33 1.21 33 2.65, 2.95
Vbrop—out [mV] 200 200 200 20 100
T oadmae [MA] 200 220 100 220 50
To @ Ipougmas [HA] 340 400 45 120 300
AV oy mV o4 N.A. 120 137 90
FOM [ps] 27 NA. 59 340 10800
Current efficiency [%]  99.8  99.82.  99.95 99.85 99.4
Cou [nF] 1 4.7 0.1 1 1
Temperature [°C| N.A.  NA. -40-80 -40125 -40- 200

Table 10.1: Comparison of this work with previously reported LDOs.
This LDO meets the given specification by using a higher bias current, but

this decreases the phase margin and increases the output deviation. Therefore,
future work could be to investigate and solve this problem.
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