LDO Architecture Review

How different LDO architectures influence performance
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Standard LDO Architecture FeedbackResistors

determine output voltage

Pass Device 7

controls current Pass Eeedback Output

flow from VIN ) Device Resistors Capacitor Load
to VOUT  VIN VOUT

b

Error Ampfifier % %
forces FB / Error

Voltage

node voltage to - Amplifier T Reference \ Voltage
match voltage — — . Reference
reference provides accurate

DC voltage. 5
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Overview

« Small Signal Model
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Simplified AC Model

» This system block diagram represents a
simplified small-signal AC model of a
typical LDO.

« Ideally, V,, has no impact on the loop.

regulation.

Az, and Gm form a high-gain
path necessary for accurate

Output impedance (ZOUT)
will have significant impact on
the performance of the loop.

VRer — Aga

Gm

ZOUT ] VOUT

Agg is the gain formed by
the feedback resistors.
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Simplified AC Model With Input Coupling

* In the real world, V will couple into the

loop and degrade loop performance.

VIN

VREF

-0

Gm

ZOUT

Vour

6

W3 TEXAS INSTRUMENTS



Simplified AC Model

VREF 4@7 AEA Gm ZOUT VOUT
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Overview

* LDO Pass Devices
— PMOS
— NMOS
- BJT
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MOSFET Pass Devices

 P-Type MOS (PMOYS):
* Very common. Low VDO,
low Ig, no charge pump or
bias rail requirements.

* N-Type MOS (NMOS):

* Lowest VDO possible,
however, error amplifier
needs higher voltage than
VIN to drive it.

* PNP:
« Can achieve higher voltage
depending on process
capability.

Feedback Output
Resistors Capacitor

o
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PMOS Pass Device

PMOS Advantages:
+ Simple
* Lowest cost structure

PMOS Disadvantages:

*  Rpgoy IS higher vs. NMOS

« Common-drain structure gives higher
output impedance

VIN

VREF
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NMQOS Pass Device

NMOS Advantages:

* Better Rpg(oy) PEr unit area VIN

 smaller die size

« Common Drain Structure gives low output
impedance

« Wide range of stability vs Cqt p—

» Low output impedance

Disadvantages:
* Needs a charge pump or external bias rail to achiev
low Viy = Vour

o
: G | Vbs
S
p Ves

lour Vour

O

11

W3 TEXAS INSTRUMENTS



PNP Pass Device

PNP Advantages: VIN

Disadvantages:

Can achieve higher VIN voltages

Error amplifier design in bipolar
process can achieve low noise <+>

Difficult to design for low Iq L

Dropout can be higher for light loads

o

VIN

VREF
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Overview

 LDO Performance
— Dropout
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Dropout

VIN to VOUT to maintain regulation.

Dropout, or VDO, is the minimum voltage necessary from \
\\”\]\

PSRR, noise, load regulation and transient response are
all significantly worse when device is in dropout.

VOUTNOM

Dropout ->VDO =V — Vgyr When Vg, drops from | T—_ 3%

nominal regulation voltage

50 ——7— ey
i | Vs V=7 V]

40 F linear region
i 5V -

30 | |
| 5V |

20 saturetionregion -

4V

3V

2V ]
1V ]

Drain current [arbitary unit]

10 |

0 2 4 6 8 10

Drain to source voltage [V]

Vo = Vinoo - Voutpo

For a MOSFET pass element, pass device
enters linear region when the LDO goes into
dropout.

In dropout, VDO is proportional to load current
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Dropout Dependancies For MOS

Voo (miv)

TLV/73318
VDO vs. IOUT
300
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Dropout vs. Temperature
increases because
mobility of pass device is
reduced.

Voo (mV)

Dropout vs. VOUT
decreases because Vgg

Figure 10. 1.8-V Dropout Voltage ve loyr and Temperature VOItage IS hlgher‘
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Figure 12. 3.3-V Dropout Voltage vs loyt and Temperature
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Dropout For PNP

For a PNP pass device, when V¢ IS
low, the device is in “saturation”. In this
state, the voltage is not directly
proportional to the output current.

Many devices, such as the TPS7A49,
use an anti-saturation circuit to improve
recovery time out of saturation.

450
400
350
300

2 250

8 200

100
50

TPS7A49
VDO vs. IOUT
=
= — //
/
S i
Zl /// — +125°C
lg L +105°C
> — +85°C
— +25°C
— -40°C
& 30 45 60 75 90 105 120 135 150
loyr (MA)
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Overview

 LDO Performance

— Noise
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Intrinsic Noise VS Input Signal Coupling

* LDO output voltage disturbances that are not load-related are composed of Input Signal
Coupling that is coupled through the pass device, as well as Intrinsic Noise that comes from
primarily the reference and error amplifier.

* Power Supply Rejection Ratio (PSRR) determines how much noise from the input couples
into the output.
 Intrinsic Noise (or simply “Noise”) is generated primarily from the internal reference and

error amplifier. Vi Vin
L PSRR V7o PSRR
, \.
VRrer G) Aca Gm @ Zout Vour
Noise

Ars
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LDO Noise, Dominant Noise Sources

* Noise is combined into total output noise for the noise specification.
» Typically noise is specified in total RMS noise from 10 Hz to 100 kHz

 Dominant noise sources are the voltage reference and error amplifier.
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Noise Reduction (NR) with Bandgap RC Filter

* The Reference Voltage noise can be filtered with

an RC filter. This can be external or internal. On Increasing Cyg

pushes noise lower.

external devices, add a capacitor to the NR pin. J
10 RMS Noise
(BW 100Hz-100kHz)
Pass cnr pVrms
Device 1 BN G 1L 1 uF 3.6
VIN VOUT 100 nF 4.2
TA * | 10 nF 20.7

5
N
I
I
Noise (UV/VHz)
o

FB
| § 001 H——ce=10nF [ 111
— __._I\N\Il 11 L Cnr= 100 nF i
Error — \Voltage . - 0.001 Sz TP
Ampliier | T Reference 10 100 1K 10k| 100k 1M 10M
= = Frequency (Hz)

However, noise in this region is
= limited by thermal noise from the

error amplifier. i3 Texas INSTRUMENTS



Low Noise Cyr and Error Amplifier Example —
TPS7A91

PSRR Current —_
e Boost Limit [ l ! J.\i ouT
Charge -
Pump
Active
Rursss = 280 kQ —g Discharge
0.8-v
Vrer
Yo
Soft-Start
SS_CTRL o© Control p—\%. s
NR/ISS © I

CNR

Chriss .
reduces / I Internal
reference o Contoter
Circuits . e
voltage
noise e
EN ©

GND
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Noise Reduction (NR) with Internal Bandgap RC
Filter - LP5907

" Simplified Schematic R
IN .
0.1GQ
Vn =~407uV rms
~1.22Vpe  10Hz TO 100kHz on 1GQ Vrer = ~1.0Vpc
0%
Vn = ~1.3uV rms
190pF 0.1Hz TO 1.6Hz

|||—|

* NR filter is integrated with very large (1 GQ) filter
resistor
* No C\r necessary
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Feedback Resistor’s

Assume: i L] "

Effect on Noise input noise = 0 DC

| = L.
voltages = 0 _ <:Rz = %

« LDO Intrinsic noise is dominated by

noise from the reference and the error
amplifier. l
* Ina standard LDO, decreasing Agg | Aenrer
(feedback resistor attenuation) will e (O Aea 1 Gm (' — Zour —HVour
result in higher noise at the output.
Agg =
R2
» Higher output voltages (lower Agg) will R1+R2
have higher noise gain. l
Vour . ApaFET 1

~v

Noise B 1+ AEA,FET *AFB - AFB
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Adding a C.- reduces Closed-Loop Gain

VIN VOUT .
LS - 1

R; =
) Noise j_ — = =

Tl

*  Cg brings resistor attenuation (Agg) to 1 at high
frequency

* Cgr can also improve transient response

10 T————
i :VOUT=3'3V
= | Cnr =1 pF
>
= 8
ey
2 L
c
L]
o X Cee =10 pF
@ . o = =L
© W T CFF = TS NG = 10F
2 | "v-.-:r!o.g-wt)nl: N [ [ B Cee=1n
® Crr =10 pF ") N N
5 0.1
@
j=3
(7]
=
=
3
3 ﬁ
0.01
10 100 1k 10 k 100 k 1™ 10M

Frequency (Hz)
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Low Noise Example: TPS7A4700 36V 1A 4uVrms

To reduce closed-
loop gain, and
therefore noise,
some devices gain
up the reference,
and then use the
RC filter.

The bandgap voltage
reference is gained
up with internal
resistors.

The effective
reference voltage is
then filtered after the
reference amplifier.

1
IN ¥ Thermal out
] UVLO Shutdown 1
IN ': R T R 1 OUT
: L t L ! 1 Cour
i Reference e ! I
. —
. Amp !
: + 00'%Q i
+ 1
! Band + :
: Gap - :
I - 265.5 ka2 Error Amp :
1 -_ 1
1
I o32Mme ? SENSE/FB
oP1V o—— /WA |
1
1 1.6MQ 1.572 MO d
oP2v H—N\—e :
i B00KO = — !
oP4V dl>—\/\/\/\—<n / chate Enable * ?EN
I 400 kO |
0P8V ~
I % § %8 %g %g E
1 = = = |
] o] Lo} ~ — |
1 - 1
- - P W P, i

1P6V 3P2V 6P4V BP4
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Overview

 LDO Performance

— PSRR
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PSRR

« PSRR (Power Supply Ripple Rejection) represents the ability of the
LDO to filter input voltage changes. This is critical for low-noise

applications.

in

5V \7 vout
PSRR: IN = ~|n C—————-
5VOUT Vout
VIN VOUT
L
141
R, e
VIN §
R
VREF
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Typical PSRR Curve

Region 1 is determined by:

* PSRR or Thermal Coupling into
Reference

Region 2 is determined by:

» Open-Loop Gain of Error Amplifier

Region 3 is determined by:

« Parasitic capacitance and output
capacitor

VIN VouT

/
sl

80
75
< Region 1 < Region 2 +«—Region 3 |
70 ==
4"/

__ 65
m
2
e 60
g /N
8 55
& \ B
@
- 50
2
[

45 \.\./

40

35

30

10 100 1k 10 k 10p k 1M|
T |=qmj
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High PSRR with Additional Pass Device

ouT

ouT

Some devices use an additional pass
element, connected as a “cascode”
device. Using a cascode pass device
can improve the pass device output
iImpedance, and therefore, the PSRR.

OUT(FB)

Examples of this are the LP38798
(shown), TPS7A81 and TLV707.

]FB

GND(CP) [‘] 1 7 l E‘:l GND

W3 TEXAS INSTRUMENTS
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Overview

 LDO Performance

— Startup
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How Startup Works (ideally)

Ideal LDO startup behavior occurs
when VFB tracks the reference
from O V to the final value.

Vin VIN is driven
/ igh
Ve VREFkegins rampin
g p g Dpe?/?se Feedback Output
Resistors Capacitor Load
Vour= 1+ Ve (R2/R1) VIN S VOUT

VOUT ratiometrically Lyl
Vise  _follows \VEB M —
VFB track VREF % . §

Error
Amplifier

n

7

—— | Voltage
T Reference
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Inrush Current During Startup For an ideal startup, the current

through the load capacitor is
constant.

. R TisLR
=1 +\ LYY _._.|

When the output ramps,
current is supplied to both the

output capacitor

Pass Feedback Output

Device Resistors Capacitor Load
lcour = Cour*dVour VIN vouT .
dt —> LAl
And the ]
-« N\ 'IN 1
load. (_) — §
lLoan
] FB §
— Leading |
I to a high - 1 = = L
current Error — | Voltage CouT - LOAD
Amplifier T Reference
ramp. — —

Y
&
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Non-ideal Startu P Many LDOs have a high dV/dT, or
“jlump” at startup. This is

commonly due to limited common
mode range of the error amplifier.

' For an NMOS \
....... |nput palr, VFB \\
—T> VFBJ L \

cannot track

| Feedb:
| VIN VOuT Resis
| Tf \
\
>Vt Voy | y zt
| FB
|
| ,
|
|
|
|

— e — o — — — — — s — e — — 7

[e)

@
AN s E£

H

5
W

]

.
=

e
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Non-ideal Startup

\AN

i

ICOUT

.

The high dV/dt change on the output will
result in a peak of current into the output
capacitor.

Output capacitor current will flow from
the input, causing a peak of current at
the input.

The input current will lead to a drop
in the input voltage, which can create
problems on the input rail.

B 1
1

LDO j coun
I ,
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ldeal Startup example: TPS74X

The TPS74X family has constant-current soft-start capacitor
charging, leading to well-controlled startup behavior.

IO IN PG
Vo o
1o, o = ] Voo
1uF = E : E
= ’— BlAs TPS74401 OUT s00mV/div [ ]
Vaias Cli g5 = . ]
Caias GND FB !
1uF :
L. S R REREETEEEEIRRES “EEESRRRE PR 3
— —|—_ 58 o 11V
- E . = VAN
< 1Vidiv gy . ]

Time (1ms/div)
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