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APPLICATION NOTE

Abstract power device’s input capacitance and forward conductance

In today’s world of high speed, high power processors, gain will determine the regulators response when working
there is a great demand put on the design of the powefn conjunction with the controller’s parameters.
supply for these devices. There is the need for regulation BY @nalyzing the overall response of the feedback loop,
down to low voltages with large currents that must have there are some basic guidelines that will make the overall
response times in the microseconds for changing loads. Thé€sponse of the regulator less sensitive to the parasitics of
lower voltage levels also demand that the “noise” on the the devices being used. There are also certain things one
output be extremely small. Transient response and gainneeds to look out for in the selection of components to give
peaking will determine the magnitude of these factors. the best overall response.
Closed loop response of the regulator design thus becomes Mathematical modeling, circuit simulation, and
more of a critical issue. breadboard testing all work together to give a clear insight
The future shows these voltages going down, currentsto this design approach. Although not perfect, the basic
going up, and transient responses approaching 100 nsedlesign guidelines will show the parameters of most interest
only placing more restrictions on the designer’s goal of in the selection of all devices used for the best response to
using real world devices to achieve these requirements. Meet a given set of power supply requirements.
The devices of the past have been compensated internally )
to handle a wide range of output capacitor types and remaint- Introduction
functional (stable). The response time of these regulators Figure 1 shows the basic components that make up a
has been sufficient to handle most or all of the applicationslinear low—dropout (LDO) regulator. There is an error amp
they are used in. There is usually a minimum ESR for thethat measures the difference between a reference voltage
output capacitor specified with no limitations on the supply and a feedback voltage from the output of the
maximum. If an external power device (usually a BJT or regulator. This error signal is amplified and then used to
MOSFET) is to be used, no practical limitation was placed control the input of an output driver.
on the design parameters for this device. The feedback divider is used to attenuate the amount of
LDO controllers designed for fast transient response tendthe output voltage that is fed back to the error amplifier’s
to have gain—-bandwidth products that are large and placenput, thus allowing the output voltage tods greater than
more demands on the overall design on the system to yieldhe reference voltage.
fast, stable, low overshoot responses. The controller's The driver's output acts as a current source and is used
output gate drive impedance, feedback input impedance for producing the output voltage of the regulator by passing
and gain—bandwidths all play a factor in determining the this current through the output impedance. The output
selection of external components to be used. The outpuimpedance is primarily made up of a load resistance in
capacitor's ESR and capacitance as well as the outpuparallel with an output capacitor.
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Figure 1. Basic LDO Regulator Block Diagram
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The error amplifier, output driver/load, and feedback dominantiow frequency roll off point (pole) for controlling
divider each has its own transfer function (A, B, and C). and limiting the gain at higher frequencies. The error amp
The stability and response of the regulator will depend onalso has a secondary high frequency pole that usually stems

all of these. from the design of the part.
Figure 3 shows a basic error amplifier and its transfer
2. LDO Closed Loop Function function. Over the frequency range of interest for stability

The Overa” C|Osed |Oop response Of an LDO regulator and transient al’la|ySiS, the transfer function f0r the error
determines how stable and how fast its response will be. Aamplifier A(s) can be approximated as shown.
simplified closed loop block diagram for an LDO is shown
in Figure 2. The closed loop response function for the
system isalso shown in terms of each of the block’s transfer

Error Amplifier

functions. Vy
: Vi Vo = H(s) Vg Va V1= A(s) OVR - V2)
p—>
¥ Ao wa 1
A(s) = ~ 5 T
- | o+ 15+ 1) G+
Ag — error amp open loop gain
V N(s wo — dominant error amp pole
(s) = V—O = CL X 1 = Ay % # ] — secondary error amp pole
R CE) g4 1 (s) (setm] = wg if not specified)
{A(s) - B(s) - C(s} ma — error amp gain bandwidth
Ao - fo — gain bandwidth
_ 1 _ R1
Av = C(s) 1+ R2 (bC) Figure 3. Feedback Divider and Transfer Function
or = 1(AC)

Notice we introduce here a term commonly known as the
“gain—bandwidth” of the amplifier. The device
manufacturer usually specifies the gain bandwidth directly
or graphically. Unfortunately, the second pole is generally
Here is shown the general form of the overall closed loop not specified. It is conservative (for the purpose of analysis)

transfer function H(s) for the LDO regulator. Section 4 to set this pole equal to the gain—bandwidth of the error
deals with the design of the feedback divider such that wegmp.

obtain the desired function C(s) as shown here.

Figure 2. LDO Closed Loop Block Diagram

4. The Feedback Divider

The feedback divider is used for setting the output
The error amplifier usually has a very large open loop yoltage of the LDO regulator when the output is required to
gain at dc and then starts to roll off after a set frequency.pe larger than the reference input voltage. At high
The gain at dc is greater than 60 dB to keep the error in thefrequencies though, it would be preferred not to attenuate
output voltage of the regulator less than 0.1%. There is athe output signal that is delivered to the error amp input.

3. Error Amplifier
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Figure 4 shows the components that make up the divider

as well as its transfer function.

R1

V, = < Vo
g
Ca Cp
3T
VR — =

1 (1 + sCpR1) - Vo + (SCaRT) - VR - Ay

V2 = Ay [1 + s(Ca + CpRT]
R
Av=1+p2 RT=Ra|Rp

Figure 4. Feedback Divider and Transfer Function

By looking at the expression foroVone can see it
depends on both the output voltage &hd reference input

Vo — output voltage (known)
VR — reference voltage (known)
Ay — DC gain (solve for)
wg — gain bandwidth (from error amp analysis)
Cga — error amp input capacitance
(use 10 pf if not specified)
R1 — first divider resistor (solve for)
R2 — second divider resistor (solve for)
Cp — divider compensation capacitor (solve for)

- . =1 =
V2 =C(s)-Vg  C(s) Ay (DC) = 1 (AC)

If the feedback divider is built into the device (i.e. a fixed
output voltage version), then the divider is typically already
optimized for these design guidelines.

5. Output Driver and Load

The final component block of the LDO regulator is the
output driver and load combination. Together they form the
final transfer function block in the system. This section of
the LDO regulator is the most complex section dealt with so
far. It also happens to be the one that has the most influence
on the overall system behavior. It is the one the designer has

VR. By setting the components in the divider properly, one the most control over, which can be both good and bad. It is
can achieve the desired result for C(s). The following good from the standpoint that the designer has the

design guidelines yield the proper results:

_ Vo Ay
Ay = VR (DC) R1 = 1002Ca
R1 100
Ry = —= >
27 av -1 0aR2
Vee
C
o F—0o
Ro
v l
"
Cgs I ¢
Im
>
Vo

A4
Co R
Rs
L

B(s) =

flexibility to make the system perform optimally with the
proper selection of components. But it can be bad for the
same reason if the approach to selecting these components
is not well understood.

The components that make up this section of the circuit
and its associated transfer function are shown in Figure 5.

(@ + 1)
1 1 1 1 i
[sZwC_wF-(B+gm_RS)+s[w—c-(1+gm_Rs)+w—F]+1}
_ 1 _ 1
“¢ " Rs Co Ci- Ro
C
gd
Ci=Cgs+C =
i=Cgs+Cgd B (Cgs + Cgd

Vo = B(s) - V1

Figure 5. Output Driver/Load and Transfer Function

Here it can be seen that the transfer function B(s)amplifier’s output impedance interacting with the driver’s
contains two poles and one zero. There are also twoinput capacitance. The other is the component associated

frequency components. One is made up from the error

http://onsemi.com
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with the output capacitor’s equivalent series resistance6. Closed Loop Response Analysis

(ESR) and capacitance. In section 2 we determined an expression for the overall
To best determine the impact of these components on theosed loop transfer function H(s). We now need to

overall response of the system, we next need to determin@ombpine the results for A(s), B(s), and C(s) into this

the overall closed loop transfer function and look at it in formula to produce the following for H(s):

detail.

- N(s) _ N(s) -
H(S) —AV@—@(AV— 1, AC)

N(s) = (mic + 1)

s4 ( 1 ) s3 1( 1 ) B s3 ( 1 )
B+ + a1+ — )+ +—= . (p+
W] - g - Oc - Of b Om - Rs 0] - 0g | ®c gm - Rs f g * ¢ - Of p Om - Rs

D(s) = [i.<l+ 1 )+£]+S.(L+i)+1
¢ ngS f Wa c

52 52
w] - Wg g

It can be seen that the system contains one zero and four These guidelines give the designer a straightforward
poles overall. It is also obvious that this expression is far tomethod ofsolving for the output driver and output capacitor
complex towork from directly and some limitations need to in terms of the controller being used. It also allows one to
be placed on the factors involved to yield the type of determine what controller may be needed if a given time
response desired. response is required for the network. In general, it ties

A closer analysis of the pole locations places them together all of the parameters involved in the design.
generally as two real (one high frequency and one low) and If a regulator is being used where the output driver device
the other two being complex or real (depending on theis built in, then one needs to follow the described procedure
design). By determining the conditions for having the poles given above in the selection of the parameters.
remaining in the left—-hand plane (required for stability) and These guidelines have been used to design LDO
being critically damped or more (required for optimum regulators that have been simulated and prototyped. A
response), the following set of design guidelines are design example and closed loop response has been done

obtained. where the various components have been changed to show
the validity of these design guidelines (refer to section 8
wp = (i + l) -1 and [1])
p .
w1l of
1 1 _Re< B-op) 1 7. Alternate LDO Topologies
20 (1 + (fip)) 9m “a  gm Up to now, the closed loop response design has been

geared for an N—channel MOSFET output driver topology.
CoRs =+ =5. (wl + OJL) If the output driver were an NPN transjstgr, the only change
a mp would be to make the following substitutions.
1 1
T=—"-y = Cgs =C Cgd =C
®Wp  gm:-Rs-wa gs be gd bc
So instead of gate—to—source and gate—to—drain
capacitances, we have base-to—-emitter and

base—-to—collector (the base—to—emitter resistance can be

op — secondary pole for open loop (solve for)
®1 — error amp second pole (known or assumed)
wf — driver pole frequency

(if driver built in, let op = w1) ignored). o N
wa — gain bandwidth (from error amp analysis) If the LDO regulator is designed for driving a P—channel
gm — maximum driver transconductance gain MOSFET (or PNP transistor), the closed loop changes are
(if driver built in, then 1/gm is the output only sign changes with the overall analysis remaining the
impedance of the regulator) same. Figure 6, on the following page, shows this style of

Rs — ESR resistance of output capacitor (solve for)
Co — output capacitor (solve for)
T — overall loop response time (solve for)

topology and the resulting overall transfer function H(s)
(which is the same as the previous).

http://onsemi.com
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VR V1 Vo =H(s) Vg
g A(s) |—>| —B(s) l—o—»
+ V 1
2 C(s)
Vo 1 1 N(s)
He)=-0-_1 1 = _ ;xS
ORI T e V)

Figure 6. Closed Loop Block Diagram and Transfer Function for Alternate Topology

The same basic design guidelines still apply for this form shown that the design guidelines presented yield a stable

of LDO regulator. response and can also be used for optimizing the transient
behavior.
8. Design Example The MC33567 dual LDO controller and MTD3055

The following is a design example to show the responseN—-channel MOSFET will be used for the design example.
of an LDO based on changing various parameters. It is

+3.3 Vi
1
33V [Band Gap REF |-——3
- DRV1 |—|
+12 'V \
66 k |
Startup and Control X
@ > Overcurrent — Voutt
Control | SNS1
+3.3V,

Vi Bypass On

]
33V Band Gap REF l
T ">{bRv2 H
+12V e {
66 k |
> TS Startup and Control 5
[ SHDN2 | o Overcurrent Vours
<l:T Control SNS2
REF
4.1V

Figure 7. MC33567 Dual LDO Controller

The following figure shows the LDO regulator design and the parameters for the MC33567 controller and MTD3055 NFET.
12V
3.3V

T MTD3055
1/2-MC33567 NFET

LDO Controller

Circuit Parameters:

MC33567 — 5 MHz Gain Bandwidth
50 Q Output Impedance
Optimized Internal Divider

MTD3055 — 7 Q Transconductance Gain
2200 pf Input Capacitance

18V
Output

Internal Divider

Error Am
P Output Load Load - 0.9 A (2 Q)
1.25 V Ref I Cap
Gnd G;]d

Figure 8. LDO Regulator Example Using MC33567 and MTD3055
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Figure 9 shows what happens to the closed loop responstarger speeds up the closed loop response but will also
when the ESR of the output capacitance is changed. Thencrease the magnitude of the initial transient response due
computedupper and lower limits on the ESR for this design to fast changes in output current (see Figure 13).
example are also shown.

Notethat making the ESR larger or smaller tends to make
the response more unstable. Notice that making the ESR

ESR of Output Capacitor Sweep

20 7
——— Rg=1
10 — Rs=03
£ )A Rs = 0.1 (upper limit)
O — Rg=0.03
g | —————— R¢=001
20 Rs = 0.003 (lower limit)
R = 00003
O s
-10 4 .
Rs = 30 mQ appears optimal
(Co = 10,000 pF)
-20 T T T 1
1k 10k 100 k 1M 10M

Frequency

Figure 9. Closed Loop Response for Varying ESR of Output Capacitor

Figure 10 shows what happens to the closed loopchanged. The limit on the value for this design example is
response when the value of the output capacitance isalso shown.

Output Capacitor Sweep

20 ~
- C,=500pF

< 101 —— C,=200uF

'{'B Cy =100 pF (lower limit)

= Co = 50 PF

§ o J Co =10 pF

- Co=5uF

@

8 C, = 100 pF yields same
-10 ~ response (Rg = 30 mQ)
—20 T T T 1

1k 10k 100 k 1M 10M
Frequency

Figure 10. Closed Loop Response for Varying Value of Output Capacitor

Figure 11 shows what happens to the closed loopto be interchangeability on driver devices, always design
response when the output driver (NFET) is changed. Thearound the higher gain one so the other devices will be
system is optimized for the MTD3055. By changing to a stable.
higher gain FET, we create more instability. If there needs

http://onsemi.com
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Changing Output Driver
20 -

MTD3055 NFET
MTD3302 NFET

MTD3055: gy, = 7, C; = 2200 pf
MTD3302: gy, = 28, C; = 6600 pf
(Co = 500 PF, Rg = 30 mQ)

Closed Loop Gain
o
1.

|
=
o
]

1k 10k 100 k 1M 10Mm

Frequency

Figure 11. Closed Loop Response for Changing Output Driver

Figure 12 shows what happens to the closed loop5 MHz gain bandwidth. By changing to a higher value, we
response when the gain bandwidth of the error amp iscreate more instability.
changed. The system was optimized for the MC33567

Error Amp Gain Bandwidth Sweep

10 4 ———— (Af)y =30 Mhz

(Af)g = 10 Mhz

(Af)o = 5 Mhz (designed for)
(Af)g = 3 Mhz

(Af)g =1 Mhz

Designed for (Af)g =5 MHz
10 A (MTD3055, C,, = 500 pF, Rg = 30 mQ)

| Closed Loop Gain
o
1

_20 T T T 1
1k 10k 100 k 1M 10M

Frequency

Figure 12. Closed Loop Response for Changing Error Amplifier Gain Bandwidth

Finally, we want to take a look at the transient response
for the LDO regulator where the design guidelines have
been used. Figure 13 is what an optimized transient
response looks like in theory and Figure 14 shows various
transient responses for the design example.

http://onsemi.com
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Here, the value T is from section 6. If the transient
- response is a requirement, one can use the equations in
Figure 13 to solve for Rand T, then use the design
guidelines in reverse to select the appropriate LDO
controller/regulator design.

Vo =lo [Rg

_|0

Wi L1

\
|
\

te=50T |

Figure 13. Typical Transient Response for
Optimized System

Transient Response for Gain Bandwidth Change
1.8200 -

(Af)g = 30 Mhz

—— (Af)g =10 Mhz

1.8100 - —  (Af)g = 5 Mhz (designed for)
(Af)g = 3 Mhz

(Af)g =1 Mhz

1.8000 - i

T = 0.3 psec (for optimized design)
1.7900 - Lf ts = 1.5 psec (from graph)
i MTD3055: gy, = 7, Cj = 2200 pf

1.7800 - (Co =500 pF, Rg = 30 mQ)

Output Voltage for 1A Step

lb=1A Rs =30 mQ
Vo = 30 mV (from graph)

1.7700 T T T T 1
0 2u 4u 6 U 8u 10 p

Time

Figure 14. Transient Response for Changing Error Amplifier Gain Bandwidth

It can be seen that the transient response for theprototype it. There are other factors involved, such as
optimized design responds the fastest with little or no second order parasitics and circuit board layout
overshoot after the initial step. If the initial step is too large, interference that can cause the network to behave
a smaller ESR is needed for the output capacitor. But onedifferently than expected. The guidelines given are
needs to go through the design guidelines with this newgenerally conservative enough to make the overall design

value to make sure stability is preserved. least susceptible to these issues.
Also, since the guidelines given are very conservative,
9. Conclusions one may obtain a satisfactory result with component values

The basics involved for designing a linear LDO regulator that lie just outside of the guidelines (although deviating far
based on stability and response has been presented to tHEom them will generally cause instability).
designer in a form that allows the selection of components
for the design. These guidelines are straightforward and doReferences
not require an analysis of the open loop response, phase 1. Schiff, Tod (2000), “Stability in High Speed Linear
margin, or pole/zero location. LDO Regulators”, Tech Online Symposium for
Once a design has been produced using these guidelines,  Electronics Engineers.
one should run the circuit through a simulation and then

http://onsemi.com
8



AND8037/D

Notes

http://onsemi.com
9



AND8037/D

Notes

http://onsemi.com
10



AND8037/D

Notes

http://onsemi.com
11



AND8037/D

ON Semiconductor and ._I‘ are trademarks of Semiconductor Components Industries, LLC (SCILLC). SCILLC reserves the right to make changes
without further notice to any products herein. SCILLC makes no warranty, representation or guarantee regarding the suitability of its products for any particular
purpose, nor does SCILLC assume any liability arising out of the application or use of any product or circuit, and specifically disclaims any and all liability,
including without limitation special, consequential or incidental damages. “Typical” parameters which may be provided in SCILLC data sheets and/or
specifications can and do vary in different applications and actual performance may vary over time. All operating parameters, including “Typicals” must be
validated for each customer application by customer’s technical experts. SCILLC does not convey any license under its patent rights nor the rights of others.
SCILLC products are not designed, intended, or authorized for use as components in systems intended for surgical implant into the body, or other applications
intended to support or sustain life, or for any other application in which the failure of the SCILLC product could create a situation where personal injury or
death may occur. Should Buyer purchase or use SCILLC products for any such unintended or unauthorized application, Buyer shall indemnify and hold
SCILLC and its officers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and expenses, and reasonable
attorney fees arising out of, directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized use, even if such claim

alleges that SCILLC was negligent regarding the design or manufacture of the part. SCILLC is an Equal Opportunity/Affirmative Action Employer.

PUBLICATION ORDERING INFORMATION

NORTH AMERICA Literature Fulfillment
Literature Distribution Center for ON Semiconductor
P.O. Box 5163, Denver, Colorado 80217 USA
Phone: 303-675-2175 or 800—344-3860 Toll Free USA/Canada
Fax: 303-675-2176 or 800-344-3867 Toll Free USA/Canada
Email: ONlit@hibbertco.com
Fax Response Line: 303-675-2167 or 800-344-3810 Toll Free USA/Canada

N. American Technical Support : 800-282-9855 Toll Free USA/Canada

EUROPE: LDC for ON Semiconductor — European Support
German Phone : (+1) 303-308-7140 (Mon-Fri 2:30pm to 7:00pm CET)
Email : ONlit-german@hibbertco.com
French Phone : (+1) 303—-308-7141 (Mon—Fri 2:00pm to 7:00pm CET)
Email : ONlit—-french@hibbertco.com
English Phone : (+1) 303-308-7142 (Mon-Fri 12:00pm to 5:00pm GMT)
Email: ONlit@hibbertco.com

EUROPEAN TOLL-FREE ACCESS*: 00-800-4422-3781
*Available from Germany, France, Italy, UK, Ireland

CENTRAL/SOUTH AMERICA:
Spanish Phone : 303-308-7143 (Mon-Fri 8:00am to 5:00pm MST)
Email: ONlit-spanish@hibbertco.com
Toll-Free from Mexico: Dial 01-800-288-2872 for Access —
then Dial 866—297-9322

ASIA/PACIFIC: LDC for ON Semiconductor — Asia Support
Phone: 303-675-2121 (Tue—Fri 9:00am to 1:00pm, Hong Kong Time)
Toll Free from Hong Kong & Singapore:
001-800-4422-3781
Email : ONlit-asia@hibbertco.com

JAPAN : ON Semiconductor, Japan Customer Focus Center
4-32-1 Nishi-Gotanda, Shinagawa—ku, Tokyo, Japan 141-0031
Phone: 81-3-5740-2700

Email: r14525@onsemi.com
ON Semiconductor Website : http://onsemi.com

For additional information, please contact your local
Sales Representative.

AND8037/D




