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SC2440
2.5 MHz Dual Switching Regulator

with Integrated 2A Switches
POWER MANAGEMENT

Revision:  March 5 , 2 0 0 7

Description Features

Applications

Typical Application Circuit

u Up to  2 .5  MHz/ Channel Programmable  Switching

Frequency

u Fixed Frequency Current-mode  Contro l

u Wide  Input Voltage  Range  2 .8 V to  2 0 V

u Out o f Phase  Switching Reduces Ripple

u Cycle -by-cyc le  Current-limiting

u Inde pe nde nt Shutdo wn/ so ft-start Pins

u Independent Hiccup Overload Protection

u Independent Power-Good Indicators

u Two 2 A Integrated Switches

u External Synchronization

u Thermal Shutdown

u Thermally Enhanced 1 6 -pin TSSOP Package

The  SC2 4 4 0  is  an adjustable  fre que ncy dual curre nt-

mode  switching regulator with 2 A integrated switches.

Its  high fre que nc y o pe ratio n allo ws  the  use  o f small

inductors and capacitors, resulting in very compact power

supplies. The  SC2 4 4 0  is suitable  for next generation XDSL

modems requiring operating frequencies in excess o f 1 .5

MHz. The  two  channe ls operate  at 1 8 0 °  out o f phase

fo r reduced input vo ltage  ripples. Separate  so ft start/

shutdo wn pins  allo w inde pe nde nt c o ntro l and o utput

sequencing for latch-up prevention. The  SC2 4 4 0  can also

be  externally synchronized up to  2 .5  MHz per channel.

Curre nt-m o d e  PWM c o ntro l a llo ws  fa s t tra ns ie nt

response  with simple  loop compensation. Cycle -by-cyc le

current limiting and hiccup overload pro tection reduce

power dissipation during overload.

u XDSL and Cable  Modems

u Set-up Boxes

u Point o f Load Applications

u CPE Equipment

u DSP Power Supplies

u Disk Drives
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POWER MANAGEMENT

Absolute  Maximum Ratings

Electrical Characteristics

Exceeding the specifications below may result in permanent damage to the device, or device malfunction. Operation outside of the parameters specified
in the Electrical Characteristics section is not implied.

Parameter Symbol Max Units

Input Voltage V
IN

-0.3 to 20 V

Boost Pin V
BST

40 V

Boost Pin Above SW V
BST

-V
SW

20 V

PGOOD Pin Voltage V
PGOOD

V
IN

V

SS Pins V
SS

3 V

FB Pins V
FB

-0.3 to V
IN

V

SYNC Pin Current I
SYNC

5 mA

SW Voltage V
SW

-0.6 to V
IN

V

SW Transient Spikes (<10ns Duration) V
SW

V
IN 

+1.5
V

-2.5

Operating Ambient Temperature Range T
A

-40 to 85 °C

Thermal Resistance Junction to Ambient θ
JA

45 °C/W

Maximum Junction Temperature T
J

150 °C

Storage Temperature Range T
STG

-65 to +150 °C

Lead Temperature (Soldering)10 sec T
LEAD

300 °C

Parameter Conditions Min Typ Max Units

V
IN
 Start Voltage 2.45 2.62 2.78 V

V
IN
 Start Hysteresis 75 mV

Quiescent Current Not switching, PGOOD Open 3.3 4.3 mA

Shutdown Current V
SS1

 = V
SS2 

= 0V, PGOOD Open 38 60 µA

Feedback Voltage 0.980 1.000 1.020 V

Feedback Voltage Line

Regulation

V
IN
 = 3V to 20V 0.005 %/V

FB Pin Input Bias Current V
FB

 = 1V, V
COMP

 = 1.5V -15 -30 nA

Error Amplifier Transconductance 280 µΩ-1

Error Amplifier Open-loop Gain 53 dB

COMP Source Current V
FB 

= 0.8V, V
COMP

 = 1.5V 20 µA

COMP Sink Current V
FB 

= 1.2V, V
COMP

 = 1.5V 20 µA

COMP Pin to Switch Current Gain 5.7 A/V

Unless specified: -40°C < T
A 
< 85°C, -40°C < T

J
< 105°C, R

OSC
 = 12.1KΩ, V

SYNC
 = 0, V

IN
 = 5V, V

BOOST 
= 8V
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POWER MANAGEMENT

Electrical Characteristics (Cont.)
Unless specified: -40°C < T

A 
< 85°C, -40°C < T

J
< 105°C, R

OSC
 = 12.1KΩ, V

SYNC
 = 0, V

IN
 = 5V, V

BOOST 
= 8V

 Parameter Conditions Min Typ Max Units

COMP Switching Threshold 0.7 1.1 1.3 V

COMP Maximum Voltage V
FB

 = 0.9V 2.2 V

Channel Switching Frequecy 1.2 1.4 1.6 MHz

Maximum Duty Cycle (Note 2) 80 90 %

Switch Current Limit V
FB

 = 0.9V, V
SS

 = 2.3V, COMP Pin Open 2 2.6 A

Switch Saturation Voltage I
SW 

= -2A 0.3 0.48 V

Switch Leakage Current 10 µA

Minimum Boost Voltage I
SW 

= -2A 1.8 2.5 V

Boost Pin Current I
SW 

= -0.5A 20 30 mA

I
SW 

= -2A 60 80 mA

Minimum Soft-Start Voltage to Exit

Shutdown

SS1 Tied to SS2 0.2 0.4 0.7 V

Soft-start Charging Current V
SS

 = 0V 2 µA

V
SS

 = 1.5V 1.8 µA

Soft-start Discharging Current V
SS

 = 1.5V 0.8 µA

Minimum Soft-start Voltage to

Enable Overload Shutoff

V
SS

 Rising 2 V

FB Overload Threshold V
SS

 = 2.3V, V
FB

 Falling 0.74 V

Soft-start Voltage to Restart

Switching After Overload Shutoff

V
SS

 Falling 0.7 1 1.3 V

Power Good Threshold Below FB V
FB

 Rising 80 100 120 mV

Power Good Output Low Voltage V
FB

 = 0.8V, I
PGOOD 

= 250µA 0.2 0.4 V

Power Good Pin Leakage Current V
PGOOD

 = 5V 0.1 1 µA

SYNC Input High Voltage 2 V

SYNC Input Low Voltage (Note 1) 0.8 V

SYNC Frequency SYNC Frequency = 2 X Channel

Frequency.  (Note 1)

3.4 5 MHz

SYNC Pin Input Current V
SYNC

 = 2V 60 75 µA

Thermal Shutdown Temperature 155 °C

Thermal Shutdown Hysteresis 10 °C

Notes: (1)  Guaranteed by design, not tested in production.
(2)  The maximum duty cycle specified corresponds to 1.4MHz switching frequency. Duty cycles higher than those specified can be
achieved by lowering the operating frequency.
(3)  This device is ESD sensitive. Use of standard ESD handling precautions is required.
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Pin Configuration Ordering Information

Underside metal must be soldered to ground.

Pin # Pin Name Pin Function

1, 8
 BOOST1,

BOOST2

Supply pins to the power transistor drivers.Tie to external diode-capacitor charge pumps to
generate drive voltages higher than VIN in order to fully saturate the internal NPN power switches.

2, 7 SW1, SW2
Emitters of the internal power NPN transistors. Connect to the inductors, the freewheeling diodes
and the boost capacitors.

3, 6 IN
Input power supply pins of the SC2440 and also the common collector of the internal power

NPNs. Pins 3 and 6 are internally tied together and must be locally bypassed.

4 SYNC
Driving the SYNC pin with an external clock synchronizes both step-down converters. The
external clock frequency must be at least twice the individual regulator set (or free-running)
frequency. Tie this pin to ground if not used.

5 ROSC
An external resistor between this pin and the ground sets the master oscillator free-running

frequency. The set frequency is twice that of the individual switching regulator.

9, 16 FB1, FB2
The inverting inputs of the error amplifiers. Each FB pin is tied to a resistive divider between its

output and the ground for setting the channel output voltage.

10, 15
 COMP1,

COMP2

These are the outputs of the internal error amplifiers. The voltages on these pins control the peak

switch currents. RC networks at these pins compensate the control loops. Pulling either pin below

0.7V stops the corresponding switching regulator.

11, 14
PGOOD1,

PGOOD2

Open collector outputs of the Power Good comparators. Tie to external pull-up resistors from the

input or the output of the converter. The PGOOD outputs become valid as soon as VIN rises

above 1 VBE during power-up. PGOOD is actively pulled low until the corresponding FB pin rises

to within 10% of the final regulation voltage.

12, 13 SS1, SS2

A capacitor from either SS pin to the ground provides soft-start and overload hiccup functions

for that channel. Pulling either SS pin below 0.8V with an open drain or collector transistor shuts

off the corresponding regulator. To completely shut off the SC2440 to low-current state, pull both

SS pins to the ground. Soft-start is recommended for all applications.

Underside

Metal
GND

The exposed pad at the bottom of the package is the electrical ground connection of the

SC2440. It also provides a thermal contact to the circuit board. It is to be soldered to the ground

plane of the board.

Pin Descriptions

Part Number Package(1)(2)

SC2440TETRT TSSOP-16 EDP

SC2440EVB Evaluation Board

Notes:

(1)  Only available in tape and reel packaging.  A reel contains

2500 devices.

(2)  Lead free product. This product is fully WEEE and RoHS

compliant.
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Block Diagrams
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Typical Characteristics
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Typical Characteristics
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Operation

The  SC2 4 4 0  is  a 2 -c hanne l c o nstant-fre que nc y pe ak

c urre nt-m o d e  s te p -d o wn s witc hing  re gula to r with

integrated 2 A power transistors. Both regulators o f the

SC2 4 4 0  operate  from a common input power supply and

share  the  same vo ltage  re ference , the  master osc illator

and the  sync hro nizing c irc uit. Turn-o n o f the  po we r

transistors are  phase -shifted by 1 8 0°. The  two  regulators

are  o therwise  complete ly identical, independent and are

c apable  o f pro duc ing two  se parate  o utputs  fro m the

same input.

The  master osc illator o f the  SC2 4 4 0  runs at twice  the

channe l fre que ncy. The  fre e -running fre que ncy o f the

master osc illator can be  programmed with an external

re s is to r fro m  the  ROSC p in to  gro und . Fre q ue nc y

adjustability makes switching regulator design flexible .

Pe ak curre nt-mo de  co ntro l is  utilize d fo r the  SC2 4 4 0 .

The  do uble  re ac tive  po le s  o f the  o utput LC filte r are

reduced to  a single  real po le  by the  inner current loop,

easing loop compensation. Fast transient response  can

be  achieved with a simple  Type-2  compensation network.

Switch collector current is sensed with an integrated 7.7mΩ
sense  resistor. The  sensed current is summed with slope -

c o mpe ns ating ramp be fo re  it is  c o mpare d with the

trans c o nduc tanc e  e rro r amplifie r o utput. The  PWM

comparator tripping instant determines the  switch turn-

on pulse  width (Figure  2 ). The  current-limit comparator

ILIM turns o ff the  power switch when the  sensed-signal

exceeds the  2 0 mV current-limit threshold. ILIM there fore

provides cycle -by-cycle  limit. Current-limit does not vary

with duty-cycle .

Driving the  base  o f the  power transistor above  the  input

power supply rail minimizes the  power transistor turn-on

vo ltage  and maximize s  e ffic ie nc y. An e xte rnal charge

pump (formed by the  capacitor C
2
 and the  diode  D

3
 in

Figure  1 ) generates a vo ltage  higher than the  input rail

at the  BOOST pin. The  bootstrapped vo ltage  generated

be c o me s  the  supply vo ltage  fo r the  po we r trans isto r

driver.

The  SS pin is a multiple -function pin. An external capacitor

connected from the  SS pin to  the  ground together with

the  inte rnal 1 .8 µA and 2 .6 µA curre nt so urce s se t the

soft-start and overload shutoff times of the regulator (Figure

3). The SS pin can also be used to shut off the corresponding

regulator. When e ither SS pin is pulled be low 0 .8 V, that

regulator is turned o ff. If both SS pins are  pulled be low

0 .2 V, then the  SC2 4 4 0  undergoes overall shutdown. The

current draw from the input power supply reduces to  3 8 µA.

When e ither SS pin is re leased, the  corresponding so ft-

start capacitor is charged with a 2 µA current source  (not

shown in Figure  3 ). As e ither SS vo ltage  exceeds 0 .3 V, the

internal bias circuit o f the  SC2 4 4 0  is enabled. The SC2440

draws 3 .3 mA fro m V
IN

. An inte rnal fast c harge  c irc uit

quic kly c harge s  the  so ft-start c apac ito r to  1 V. At this

juncture , the  fast charge  c ircuit turns o ff and the  1 .8 µA

current source  slowly charges the  so ft-start capacitor. The

output o f the  error amplifier is forced to  track the  slow

so ft-start ramp at the  SS pin. When the  COMP vo ltage

exceeds 1 .1 V, the  switching regulator starts to  switch.

During so ft-start, the  curre nt limit o f the  c o nve rte r is

gradually increased until the  converter output comes into

regulation.

Hic cup o ve rlo ad pro te c tio n is  utilize d in the  SC2 4 4 0 .

Ove rload shutdown is  disable d during so ft-start (V
SS

 <

2 V).  In Figure  3  the  reset input o f the  overload latch will

remain high if the  SS vo ltage  is be low 2 V. Once  the  so ft-

s ta rt c a pa c ito r is  c ha rge d  a b o ve  2 V, the  o ve rlo ad

shutdown latch is enabled. As the  load draws more  current

from the  regulator, the  current-limit comparator will limit

the  peak inductor current. This is cyc le -by-cycle  current

limiting. Further increase  in load current will cause  the

o utput vo ltage  to  de cre ase . If the  o utput vo ltage  falls

be low 7 4 % of its set po int, then the  overload latch will be

set and the  so ft-start capacitor will be  discharged with a

net current o f 0 .8 µA. The  switching regulator is shut o ff

until the  so ft-start capacitor is discharged be low 1 V. At

this moment, the  overload latch is reset. The  so ft-start

capacitor is recharged and the  converter again undergoes

so ft-start. The  regulator will go  through so ft-start, overload

shutdown and restart until it is no  longer overloaded.

Each regulator o f the  SC2 4 4 0  has its own power good

comparator. The  open co llector output o f the  power good

comparator will be  active ly pulled low if the  corresponding

feedback vo ltage  is be low 0 .9 V.
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Applications Information

Setting the Output Voltage

The regulator output voltage is set with an external

resistive divider (Figure 4) with its center tap tied to the

FB pin.

     )1V(RR OUT21 −=                                                     (1)

The percentage error due the input bias current of the

error amplifier is

     
V1

)RR(100nA15

V

V 21

OUT

OUT
⎪⎢⋅⋅−

=
∆

.

Example: Determine the output voltage error of a

V5VOUT = converter with Ω= K1.51R2 .

From (1),

     Ω=−⋅Ω= K205)15(K1.51R1

     

%061.0
V1

)K205K1.51(100nA15

V

V

OUT

OUT −=
⎪⎢⋅⋅−

=
∆

.

This error is at least an order of magnitude lower than

the ratio tolerance resulting from the use of 1% resistors

in the divider string.

Choosing the Operating Frequency

The free-running frequency of the mastermastermastermastermaster oscillator is

set with an external resistor from the ROSC pin to ground.

Channel frequency is one-half of that of the master

oscillator. A graph of channelchannelchannelchannelchannel frequency against R
OSC

 is

shown in the “Typical Performance Characteristics”.

Before choosing the operating frequency, tradeoffs

among efficiency, operating duty cycle, component size

and EMI interferences must be considered. High

frequency operation reduces the size of passive

components but switching losses are higher. Lowering

the switching frequency improves efficiency. However the

required inductor and capacitor are larger. Channel

frequencies between 1 and 2MHz are good compromises.

In order to quantify the tradeoff between switching

frequency and efficiency, the 12V to 5V DC-DC converter

in Figure 1 is modified to run at 500KHz and 2.5MHz

while keeping the inductor ripple current constant. The

modified component values are tabulated in Table 1 and

efficiencies at these frequencies are shown in Figure 5.

The efficiency of the 1.3MHz 5V regulator in Figure 1 is

also plotted for the ease of comparison. The efficiency

at 500KHz is only marginally higher than that at 1.3MHz.

The peak efficiency at 2.5MHz is only 2% lower compared

to those at lower frequencies.
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SC2440 

Figure 4. V
OUT 

is set with a Resistive Divider

f )zHM( R
9
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K( Ω) C
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)Fp( C
9

)Fp(

5.0 6.35 )001-37RDscinortlioC(01 4.21 074 22

3.1 0.51 )21040DoclaF(44.4 3.42 022 01

5.2 20.4 )7R2-34RCadimuS(7.2 4.23 022 01

Table 1. The 12V to 5V Converter in Figure 1 is modified

to run at Different Frequencies.
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12V to 5V Step-down Converters.
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Minimum On Time Consideration

The  o pe rating duty c yc le  o f a  s te p-do wn s witc hing

regulator with diode  re c tifie r in continuous-conduction

mode  (CCM) is given by

     
CESATDIN

DOUT

VVV

VV
D

−+
+

=                                              (2 )

where  V
CESAT

 is  the  switch saturation vo ltage  and V
D
 is

vo ltage  drop across the  rectifying diode .

Duty cyc le  decreases with increasing 
OUT

IN

V

V
 ratio . In peak

current-mode  contro l, the  PWM modulating ramp is the

sensed current ramp o f the  power switch. This current

ramp is  abse nt unle ss  the  switc h is  turne d o n. The

intersection o f this ramp with the  output o f the  vo ltage

fe e dback e rro r amplifie r de te rmine s the  switch pulse

wid th. The  p ro p a ga tio n d e la y tim e  re q uire d  to

immediate ly turn o ff the  switch afte r it is  turned on is

the  m inim um  s witc h o n tim e  (T
ON(MIN)

). Clo s e d -lo o p

measurement o f the  SC2 4 4 0  with low 
IN

OUT

V

V
 ratios shows

that the  minimum o n time  is  abo ut 1 0 5 ns  at ro o m

te m pe ra ture . T
ON(MIN)

 a ls o  e xhib its  a  s light po s itive

temperature  coe ffic ient (Figure  6 ). The  power switch in

the  SC2 4 4 0  is e ither not turned on at all or for at least

T
ON(MIN)

. If the  re quire d switch o n time  (=
f

D
) is  sho rte r

than the  minimum on time , the  regulator will e ither skip

cycles or it will jitter.

Example : Determine  the  maximum operating frequency

o f a  dua l 1 2 V to  1 .0 V a nd  1 2 V to  3 .3 V s witc hing

regulator using the  SC2 4 4 0 .

Assuming that V
D
 = 0 .4 5 V, V

CESAT
 = 0 .2 5 V and V

IN
 = 1 3 .2 V

(1 0 % high line ), the  corresponding duty ratios, D
1
 and

D
2
, o f the  1 .0 V and 3 .3 V converters can be  calculated

using (2 ).

     1 1.0
2 5.04 5.02.1 3

4 5.01
D1 =

−+
+=

Applications Information

     2 8.0
2 5.04 5.02.1 3

4 5.03.3
D2 =

−+
+=

If the  ambient temperature  can be  as high as 8 5°C, then

the  maximum operating frequencies o f the  1 .0 V and the

3 .3 V c o nve rte rs  will b e  KHz9 2 0
ns1 2 0

D1 =  a nd

MHz3.2
ns1 2 0

D2 =  respective ly..

Channel frequency should be  se t be low 9 2 0 KHz to  allow

margin for load transient.

Minimum Off Time Limitation

The  PWM latch in Figure  2  is reset every period by the

c lo ck. The  c lo ck also  turns o ff the  power transisto r to

re fresh the  bootstrap capacitor. This minimum o ff time

limits the  attainable  duty cyc le  o f the  regulator at a given

switching frequency. Measurement shows that the  power

transistor needs to  be  turned o ff for at least 1 2 0 ns every

switching period to  properly reset the  latch and to  re fresh

the  bo o tstrap capac ito r. For a ste p-down conve rte r,  D

increases with increasing 

IN

OUT

V

V
 ratio . If the  required duty

cyc le  is higher than the  attainable  maximum, then the

Figure  6 . Variation o f Minimum On Time with

Temperature .
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output vo ltage  will not be  able  to  reach its se t value  in

continuous-conduction mode .

Example : Determine  the  maximum operating frequency

o f a  dual 3 .3 V to  1 .8 V and 3 .3 V to  2 .5 V s witc hing

regulator using the  SC2 4 4 0 .

Assuming that V
D
 = 0 .4 5 V, V

CESAT
 = 0 .2 5 V and V

IN
 = 2 .97V

(1 0 % low line ), the  duty ratios 
1

D  and 
2

D o f the  1 .8 V

and 2 .5 V converters can be  calculated using (2 ).

     7 1.0
2 5.04 5.09 7.2

4 5.08.1
D1 =

−+
+=

     9 3.0
2 5.04 5.09 7.2

4 5.05.2
D2 =

−+
+= .

The  maximum operating frequencies o f the  1 .8 V and the

2 .5 V c o nve rte rs  are  the re fo re  MHz4.2
ns1 2 0

D1 1 =
−

 and

KHz5 8 0
ns1 2 0

D1 2 =
−

re spe c tive ly..

Transient headroom requires that channel frequency be

lower than 5 8 0 KHz.

External Synchronization

The  SYNC input buffer is positive -edge  triggered and TTL-

co mpatible  ( V8.0VIL < and V2VIH > ). The  fre e -running

maste r o sc illato r ge ne rate s a pe rio dic  sawto o th ramp

between two  thresho ld vo ltages. A faster external c lock

applie d to  the  SYNC pin discharge s the  inte rnal ramp

be fore  it reaches its upper thresho ld, thus lo cking the

inte rnal o sc illato r. As  sho wn in Figure  2 , the  maste r

osc illator is be ing synchronized not the  individual phases

(see  Figure  2 ). The  synchronizing frequency should be

twicetwice  the  desired channelchannel frequency. Bench test shows

that an external c lock with frequency ranging from slightly

be lo w twic e  to  at le as t 3 .5  time s  the  cha nne lcha nne l fre e -

running fre que nc y is  c apab le  o f lo c king the  maste r

osc illator. To  ensure  frequency locking, the  external c lock

fre que nc y sho uld be  at le ast twicetwice  the  highe s thighe s t fre e -

running  c ha nne l c ha nne l fre q ue nc y. The  fre q ue nc y o f the

synchronizing c lock should not be  higher than 1 .6  times

Applications Information

the  s e t fre que nc y o f mas te r o s c illa to r be c aus e  the

amplitude s  o f the  inte rnal sawto o th ramp and s lo pe

compensation ramp will both be  significantly reduced.

Exa m p le :  Cho o s e  the  va lue  o f  R
OSC

 to  e xte rna lly

synchronize  the  SC2 4 4 0  to  2 MHz per channelchannel.

The  re quire d synchronizing c lo ck fre que ncy = 2  time s

the  channe l frequency = 4 MHz.

Fo r a give n R
OSC

, the  fre e -running channe lchanne l fre que nc y

has a to lerance  o f ±1 5 %.

Se t the  no minal fre e -running cha nne lcha nne l fre que nc y to

MHz7 3.1
1 5.1

MHz2
=  to  ensure  locking.

Looking up the  graph “Channe l Frequency vs. R
OSC

”  in

the  Typic al Charac te ris tic s , R
OSC

 =  9 .3 1 KΩ fo r a  se t

frequency o f 1 .7 3 MHz.

With ±1 5 % to lerance , the  se t channe l frequency can vary

fro m  ( ) MHz4 7.17 3.18 5.0 =⋅  to  ( ) MHz27 3.11 5.1 =⋅ .

The re fo re

     3 6.1
4 7.1

2

FrequencyrunningFreeLowest

FrequencyingSynchroniz
==

− .

Inductor Selection

The  inducto r ripple  curre nt ∆I
L
 fo r a no n-synchro no us

step-down converter in continuous-conduction mode  is

fL)VVV(

)VVV)(VV(

fL

)D1)(VV(
I

CESATDIN

CESATOUTINDOUTDOUT

L −+
−−+

=
−+

=∆

                                                                                              (3 )

whe re  f  is  the  s witc hing  fre q ue nc y a nd  L is  the

inductance .

In c urre nt-mo de  c o ntro l, the  s lo pe  o f the  mo dulating

(sensed switch current) ramp should be  steep enough

to  le ssen jitte ry tendency but no t so  steep that large

flux swing decreases e ffic iency. Inductor ripple  current

∆I
L
 be tween 2 5 -4 0 % o f the  peak inductor current limit is

a good compromise . Inductors so  chosen are  optimized
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in  s ize  a nd  DCR. Se tting  A6.0)2(3.0IL ==∆ ,

V4 5.0VD = and V2 5.0VCESAT = in (3 ),

     
f)6.0)(2.0V(

)2 5.0VV)(4 5.0V(
L

IN

OUTInOUT

+
−−+=                              (4 )

where  L is in µH and f is in MHz.

Equation (3 ) shows that for a given ,V
OUT L

I∆ increases

as D de cre ase s. If 
IN

V  varie s over a wide  range , then

cho o se  L base d o n the  no minal input vo ltage . Always

verify converter operation at the  input vo ltage  extremes.

The  peak current limits o f both SC2 4 4 0  power transistors

are  inte rnally se t at 2 .6 A. The  pe ak curre nt limits are

duty-cyc le  invariant and are  guaranteed higher than 2 A.

The  maximum load current is there fore  conservative ly

     
2

I
A2

2

I
II LL
LM)MAX(OUT

∆−=∆−=                                   (5 )

If LML I3.0I ⋅=∆ , then

     LM
LM

LM
L

LM)MAX(OUT I8 5.0
2

I3.0
I

2

I
II ⋅=−=∆−= .

The  saturation current o f the  inductor should be  2 0 -3 0 %

higher than the  peak current limit (2 A). Low-cost powder

iron cores are  not suitable  for high-frequency switching

power supplies due  to  the ir high core  losses. Inductors

with ferrite  cores should be  used.

Input Capacitor

A buck converter draws pulse  current with peak-to -peak

amplitude  equal to  its output current I
OUT

 from its input

supply. An input capac ito r place d be twe e n the  supply

and the  buck converter filters the  AC current and keeps

the  current drawn from the  supply to  a DC constant. The

input capacitance  C
IN

 should be  high enough to  filter the

pulse  input current. Its equivalent series resistance  (ESR)

should be  low so  that power dissipated in the  capacitor

do e s  no t re s ult in s ignific ant te mpe rature  ris e  and

degrade  re liability. For a single  channel buck converter,

the  RMS ripple  current in the  input capacitor is

     )D1(DII OUTRMS )CIN(
−= .                                          (6 )

Power dissipated in the  input capacitor is )ESR(I
2

RMS )CIN(
⋅ .

Equation (6 ) has a maximum value  o f 
2

IOUT
( at 

2

1
D = ),

c o rre s po nding to  the  wo rs t-c as e  po we r d is s ipatio n

4

ESRI
2

OUT ⋅
 in C

IN
.

A dual-c hanne l s te p-do wn c o nve rte r with inte rle ave d

switching re duce s the  RMS ripple  curre nt in the  input

capac ito r to  a frac tio n o f that o f a s ingle -phase  buck

converter. If both power transistors in the  SC2 4 4 0  were

to  switch on in phase , the  current drawn by the  SC2 4 4 0

would consist o f current pulses with amplitude  equal to

the  sum o f the  channe l output currents. If each channe l

were  de livering I
OUT

 and operating at 5 0 % duty cyc le , then

the  input curre nt wo uld switch fro m ze ro  to  2 I
OUT

. The

RMS ripple  current in the  input capacitor would then be

I
OUT

. Power dissipated in C
IN

 would be  ESRI
2

OUT ⋅ , 4  times

that o f a single -channel converter. The  SC2 4 4 0  produces

the  highe st RMS ripple  c urre nt in C
IN

 whe n o nly o ne

channe l is running and de livering the  maximum output

current ( A25.1 −≈ ). The  input capacitor there fore  should

have  a RMS ripple  current rating o f at least 1 A.

Multi-layer ceramic  capacitors, which have  very low ESR

(a few mΩ) and can easily handle  high RMS ripple  current,

are  the  ideal cho ice  for input filtering. A single  4 .7µF or

1 0 µF X5 R ceramic  capacitor is adequate . For high vo ltage

applications, a small ceramic (1 µF or 2 .2 µF) can be  placed

in paralle l with a low ESR e lectro lytic  capacitor to  satisfy

both the  ESR and bulk capacitance  requirements.

Output Capacitor

The  output ripple  vo ltage  ∆V
OUT

 o f a buck converter can

be  expressed as

     





+∆=∆

OUT

LOUT
fC8

1
ESRIV                                        (7 )

where  C
OUT

 is  the  output capacitance .

Induc to r ripple  c urre nt ∆I
L
 inc re ase s  as  D de c re ase s

(Equation (3 )). The  output ripple  vo ltage  is there fore  the

highest when V
IN 

is at its maximum. The  first term in (7 )
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results from the  ESR o f the  output capacitor while  the

second term is due  to  the  charging and discharging o f

C
OUT

 by the  inductor ripple  current. Substituting ∆I
L
 = 0 .6 A,

f = 1 MHz and C
OUT

 = 1 0 µF ceramic  with ESR = 3 mΩ in

(7 ),

     
mV3.9mV5.7mV8.1

)m5.1 2m3(A6.0VOUT

=+=
Ω+Ω⋅=∆

De pe nding o n o pe rating fre que nc y and the  type  o f

c apac ito r, ripple  vo ltage  re sulting fro m c harging and

discharging o f C
OUT

 may be  higer than that due  to  ESR. A

1 0 µF or 2 2µF X5 R ceramic  capacitor is found adequate

for output filtering in most applications.  Ripple  current

in the  o utput capac ito r is  no t a co nce rn be cause  the

inductor current o f a buck converter directly feeds C
OUT

,

resulting in very low ripple  current. Avo id using Z5 U and

Y5 V ceramic  capacitors for output filtering because  these

type s  o f c apac ito rs  have  high te mpe rature  and high

vo ltage  coe ffic ients.

Freewheeling Diode

Use  o f Schottky barrier diodes as freewhee ling rectifie rs

re duc e s  dio de  re ve rse  re c o ve ry input c urre nt spike s ,

easing high-side  current sensing in the  SC2 4 4 0 . These

diode s should have  a RMS curre nt rating be twe e n 1 A

and 2 A and a re ve rse  blo cking vo ltage  o f at le ast 5 V

higher than the  input vo ltage . For switching regulators

operating at low duty cyc les (i.e . low output vo ltage  to

input vo ltage  conversion ratio s), it is  bene fic ial to  use

freewhee ling diodes with somewhat higher RMS current

ratings (thus lower forward vo ltages). This is because  the

dio de  co nductio n inte rval is  much lo nge r than that o f

the  transisto r. Converte r e ffic ie ncy will be  impro ve d if

the  vo ltage  drop across the  diode  is lower.

The  freewhee ling diodes should be  placed c lose  to  the

SW pins o f the  SC2 4 4 0  to  minimize  ringing due  to  trace

inductance . Surface -mount equivalents o f 1 N5 8 17  and

1 N5 8 1 9 , MBRM1 2 0 LT3  (ON Se m i),  UPS1 2 0  a nd

UPS1 4 0  (Micro -Semi) are  all suitable .

Bootstrapping the Power Transistors

To  maximize  e ffic iency, the  turn-on vo ltage  across the

internal power NPN transistors should be  minimized. If

these  transistors are  to  be  driven into  saturation, then

the ir bases will have  to  be  driven from a power supply

highe r in vo ltage  than V
IN

. The  re quire d drive r supply

vo ltage  (at least 2 .5 V higher than the  SW vo ltage  over

the  industrial te mpe rature  range ) is  ge ne rate d with a

bootstrap c ircuit (the  diode  D
BST

 and the  capacitor C
BST 

in

Figure  8 ). The  bootstrapped output (the  common node

between D
BST

 and C
BST

) is connected to  the  BOOST pin o f

the  SC2 4 4 0 . The  power transistor in the  SC2 4 4 0  is first

switched on to  build up current in the  inductor. When

the  transistor is switched o ff, the  inductor current pulls

the  SW node  low, allowing C
BST

 to  be  charged through

D
BST

. When the  power switch is again turned on, the  SW

vo ltage  go e s  high. This  brings  the  BOOST vo ltage  to

BSTCSW VV + , thus back-biasing D
BST

. C
BST

 vo ltage  increases

with e ac h s ubs e que nt s witc hing c yc le , as  do e s  the

bootstrapped vo ltage  at the  BOOST pin. After a number

o f switching cyc les, C
BST

 will be  fully charged to  a vo ltage

approximate ly equal to  that applied to  the  anode  o f D
BST

.

Figure  7  shows the  typical minimum BOOST to  SW vo ltage

re quire d to  fully saturate  the  po we r trans is to r. This

diffe re ntial vo ltage  (
BSTCV= ) must be  at le ast 1 .8 V at

room temperature . This is also  spec ified in the  “Electrical

Characte ristics”  as “Minimum Bootstrap Vo ltage ”. The

m inim um  re q uire d  V
CBST

 inc re a s e s  a s  te m pe ra ture

de c re ase s . The  bo o tstrap c irc uit re ac he s  e quilibrium

when the  base  charge  drawn from C
BST

 during transistor

on time  is equal to  the  charge  replenished during the  o ff

inte rval.

Figure  7. Typical Minimum Bootstrap Vo ltage  Re -

quired to  Maintain Saturation at I
SW

 = 2 A.
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 vs Temperature
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The  switch base  current 
â

I

1â

I SWSW ≈
+

= , where  I
SW

 and β

a re  the  s witc h e m itte r c urre nt a nd  c urre nt ga in

respective ly, is drawn from the  bootstrap capacitor C
BST

.

Charge  
â

TI ONSW
 is  drawn from C

BST
 during the  switch on

time , resulting in a vo ltage  droop o f 
BST

ONSW

âC

TI
. If I

SW
 = 2 A,

T
ON

 =  1µs, β = 3 5  and C
BST

 = 0 .1 µF, then the  
BSTCV  droop

will be  0 .5 7 V. C
BST

 is  re freshed to  
RECTBST DDA VVV +− everyy

cyc le , where  AV is the  applied D
BST

 anode  vo ltage . Switch

base  c urre nt dis c harge s  the  bo o ts trap c apac ito r to

BST

ONSW
DDA

C

TI
VVV

RECTBST β
−+−  at the  end o f conduction. The

difference  between this vo ltage  and that at SW must be

higher than the  minimum shown in Figure  7  to  maximize

e ffic iency. D
BST

 can be  tied e ither to  the  input or to  the

output o f the  DC/ DC converter.

If D
BST

 is tied to  the  input, then the  charge  drawn from

the  input power supply will be  β
ONSW TI

 (the  base  charge

o f the  switch). The  energy loss due  to  base  charge  per

cyc le  is 
β

ONINSW TVI
for a power loss o f 

β
≈

β
OUTSWINSW VIVDI

.

If D
BST

 is tied to  the  output, then the  charge  drawn from

the  output capacitor will still be  
β

ONSW TI
. The  energy loss

due  to  base  charge  per cyc le  is 
β

ONOUTSW TVI
 for a power

Figure  8 . Methods o f Bootstrapping the  SC2 4 4 0 .
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lo ss o f 
β

OUTSW VDI
.

Sinc e  V
OUT

 <  V
IN

, D
BST

 sho uld always  be  tie d to  V
OUT 

(if

>2 .5 V) to  maximize  e ffic iency. Measurement o f the  2 -

channe l regulator in Figure  1  shows that the  e ffic iency

penaltie s are  about 1 .3 % (V
OUT 

= 5 V) and 2 .2 % (V
OUT

 =

3 .3 V) with input bo o ts trapping. In ge ne ral e ffic ie nc y

penalty increases as D decreases.

Figure  8  summarizes various ways o f bootstrapping the

SC2 4 4 0 . A fast switching PN diode  (such as 1 N4148  or

1 N9 1 4 ) and a small (0 .1 µF –  0 .4 7 µF) ceramic  capacitor

c a n b e  us e d . In  Figure  8 (a ) the  p o we r s witc h is

bootstrapped from the  output. This is the  most e ffic ient

configuration and it also  results in the  least vo ltage  stress

at the  BOOST pin. The  maximum BOOST pin vo ltage  is

abo ut OUTIN VV + . If the  output is  be low 2 .8 V, the n D
BSTT

will pre ferably be  a small Schottky diode  (such as BAT-

5 4 ) to  m axim ize  b o o ts trap  vo ltage . A 0 .3 3 -0 .4 7 µF

bo o tstrap capac ito r may be  ne e de d to  re duce  dro o p.

Be nc h m e a s ure m e nt s ho ws  tha t us ing  Sc ho ttky

bootstrapping diode  has no  noticeable  e ffic iency bene fit.

The  SC2 4 4 0  can also  be  boo tstrapped from the  input

(Figure  8 (b)). This configuration is not as e ffic ient as Figure

8 (a). Ho we ve r this  may be  o nly o ptio n if the  o utput

vo ltage  is le ss than 2 .5 V and there  is no  o ther supply

with vo ltage  highe r than 2 .5 V. Vo ltage  s tre ss  at the

BOOST pin can be  somewhat higher than 2 V
IN

. The  BOOST

pin vo ltage  sho uld no t e xce e d its  abso lute  maximum

rating o f 4 0 V.

Figures 8 (c ) and (d) show how to  bootstrap the  SC2 4 4 0

from a second independent power supply V
S
 with vo ltage

> 2 .5 V. D
BST

 in Figure  8 (d) prevents start up difficulty if

V
IN

 comes up be fore  V
S
.

Since  the  inductor current charges C
BST

, the  boo tstrap

circuit requires some minimum load current to  get go ing.

Figure s  9 (a ) and 9 (b ) s ho w the  de pe nde nc e  o f the

minimum input vo ltage  required to  properly bootstrap a

5 V and a 3 .3 V c o nve rte rs  o n the  lo ad c urre nt. Onc e

started the  bootstrap c ircuit is able  to  sustain itse lf down

to  zero  load.

Shutdown and Soft-Start

Each regulating channe l o f the  SC2 4 4 0  has its own so ft-

start c ircuit. Pulling its so ft-start pin be low 0 .8 V with an

o pe n-co lle c to r NPN o r an o pe n-drain NMOS transisto r

turns o ff the  corresponding regulator. The  o ther regulator

continues to  operate . With one  channe l turned o ff, the

inte rna l b ia s  c irc uit is  ke p t a live . In the  “ Typ ic a l

Charac te ris tic s ” , the  so ft-s tart pin c urre nt is  plo tte d

against the  so ft-start vo ltage  with V
IN

 = 5 V. When one  o f

Figure  9 . Minimum Input Voltage  Required to  Start and to  Maintain Bootstrap.(T
A
 = 2 5 °C).
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the  so ft-start pins is pulled low, 1 0 5 µA flows out o f that

pin. Pulling both so ft-start pins be low 0 .2 V shuts o ff the

internal bias c ircuit o f the  SC2 4 4 0 . The  total V
IN

 current

decreases to  3 8 µA. In shutdown e ither SS pin sources

only 2 µA. A fast charging c ircuit (enabled by the  internal

bias c ircuit), which charges the  so ft-start capacitor be low

1 V, causes the  difference  in the  so ft-start pin currents.

If e ithe r SS pin is  re le ase d in shutdo wn, the  inte rnal

c urre nt so urc e  pulls  up o n the  SS pin. Whe n this  SS

vo ltage  reaches 0 .3 V, the  SC2 4 4 0  turns on and the  V
IN

quie s c e nt c urre nt inc re as e s  to  3 .3 mA. The  c urre nt

flowing out o f the  o ther SS pin (which is still pulled low)

increases to  1 0 5 µA. The  fast charging c ircuit quickly pulls

the  re leased so ft-start capacitor to  1 V (slightly be low the

switching thre sho ld). The  fast charging c ircuit is  the n

disable d. A 1 .8 µA curre nt so urce  co ntinue s to  charge

the  so ft-start capacitor (Figure  3 ). The  so ft-start vo ltage

ramp at the  SS pin c lamps the  e rro r amplifie r o utput

(Figure  2 ). During regulator start-up, COMP voltage  fo llows

the  SS vo ltage . The  converter starts to  switch when its

COMP voltage  exceeds 1 .1 V. The  peak inductor current

gradually increases until the  converter output comes into

regulation. Proper so ft-start prevents output overshoot

during start-up. Current drawn from the  input supply is

also  we ll contro lled. Notice  that the  inductor current, not

the  converter output vo ltage , is ramped during so ft-start.

Both so ft-start capacitors are  charged to  a final vo ltage

o f about 2 .4 V.

Figure  1 0 (a). No rmal So ft-start.

Fast

Charge

Output must be  at

least 74% of its set

vo ltage  in this

inte rval o r the

re gulato r will

undergo  shutdown

and restart

(hic cup).

Hic c up

Enable d

0.3V 

1V 

0 

2V 
2.4V 

Switching Starts 

V SS 

1V 
0.74V 

V FB 

0 

1V 

1V 

2V 

0.3V 
0 Switching  Not Switchi ng Switching  Not Switchi ng 

0 

0.74V 
1V 

V FB 

V SS 
V COMP 

Figure  1 0 (b). Start-up Fails due  to  (i) Short Soft-start Duration or (ii) Output Overload or (iii)

Output Short-c ircuited.
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Overload /  Short-Circuit Protection

Each current limit comparator in the  SC2 4 4 0  limits the

pe ak induc to r c urre nt to  2 .6 A. The  re gulato r o utput

vo ltage  will fall if the  load is increased above  the  current

limit. If o ve rlo ad is  de te c te d (the  o utput vo ltage  falls

be low 7 4 % of the  set vo ltage), then the  regulator will be

s hut o ff .  An inte rna l 0 .8 µA c urre nt s ink s ta rts  to

dis c harge  the  s o ft-s tart c apac ito r. As  the  s o ft-s tart

capacitor is discharged be low 1 V, the  discharge  current

source  turns o ff and the  so ft-start capacitor is recharged

with a 1 .8 µA curre nt source . The  re gulato r unde rgoe s

so ft-start. During so ft-start (1 V < V
SS

 < 2 V), the  overload

shutdo wn latc h in Figure  3  c anno t be  se t. Whe n V
SS

e xce e ds 2 V, the  se t input o f the  o ve rlo ad latch is  no

lo nge r b lanke d. If V
FB

 is  s till be lo w 0 .7 4 V, the n the

regulator will undergo  shutdown and restart. The  so ft-

start process should allow the  output vo ltage  to  reach

7 4 % o f its final value  be fore  C
SS

 is  charged above  2 V.

Figure s 1 0 (a) and 1 0 (b) sho w the  timing diagrams o f

successful and failed start-up wave fo rms respective ly.

The  so ft-start interval should also  be  made  suffic iently

long so  that the  output vo ltage  rises monotonically and

it does not overshoot its final vo ltage  by more  than 5 %.

Whe n starting into  a sho rte d o utput, the  SC2 4 4 0  will

re pe ate dly start and shut o ff (“hic cup”). V
SS

 and V
COMP

will appe ar as  asymme tric al triangular wave s  [Figure

1 0 (b)].

Power Good Indicators

The  PGOOD pins (Pins 1 1  and 1 4 ) are  the  open-co lle ctor

o utputs  o f the  po we r go o d c o mparato rs . The se  s lo w

c o mparato rs  are  inc o rpo rate d with small amo unt o f

hysteresis. The  FB low-to -high trip vo ltage  o f the  power

good comparators is 9 0 % o f the  final regulation vo ltage .

A pull-up resistor from each PGOOD pin to  the  input supply

o r the  re gulato r o utput se t the  lo gic  high le ve l o f the

co mparato r.

The  po we r go o d  c o m parato r o utput b e c o m e s  va lid

provided that V
IN

 is above  0 .9 V. In shutdown the  power

good output is active ly pulled low. A power good pull-up

resistor tied to  the  input will there fore  increase  current

drain during shutdo wn. Tying the  po we r go o d pull-up

resistor to  the  regulator output is pre ferred, as this will

minimize  the  shutdown supply current. In shutdown there

(b) 

ON 
 

 

OFF SC2440 

PGOOD1 
 

SS1 
 

SS2 
 

CSS1 

CSS2 

PGOOD2 
 

(a) 

SC2440 

PGOOD1 SS1 
 

SS2 
 

CSS1 

PGOOD2 
 

CSS2 

CONTROL1 
 

 

CONTROL2 

 

 

 

ON 
 

 

OFF CONTROL1 

 

 

 

ON OFF CONTROL2 

 

 

 

T 
 

 

D 
 

Figure  1 1 . Sequencing the  Outputs by (a) Delaying Release  o f one  Channel Re lative  to

the  Other and (b) Using the  PGOOD of one  Channel to  Contro l the  Other.
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is no  vo ltage  at the  switching regulator output or current

in the  PGOOD pull-up resistor. If the  PGOOD output high

level (= V
OUT

) is unacceptably low, then power good pull-

up from the  input or a separate  power supply will be  the

only cho ice .

Sequencing the Outputs

As mentioned above , pulling e ither so ft-start pin low with

an e xte rna l trans is to r s huts  o ff the  c o rre s po nding

regulator (Figure  1 1 ). Re leasing the  so ft-start pin enables

that channe l and allows it to  start. De laying the  re lease

o f the  so ft-start pin o f one  channe l with respect to  the

other is a straightforward way o f sequencing the  outputs.

Figure  1 1 (a ) sho ws  this  me tho d us ing two  e xte rnal

transisto rs  M
1
 and M

2
.  M

1
 is  turne d o ff first, allo wing

channel 1  to  start. Channel 2  is then enabled after time

T
D
.

The  PGOOD output o f one  channe l can also  be  used in

conjunction with the  so ft-start pin o f the  o ther channel

to  de lay start o f that regulator. This method is depicted

in Figure  1 1 (b). SS2  is pulled low and channel 2  is kept

o ff until channe l 1  output rises to  9 0 % o f its se t vo ltage .

A drawbac k o f this  appro ac h is  that o nly PGOOD2  is

available  as a logic  output.

Loop Compensation

Figure  1 2  shows a simplified equivalent c ircuit o f a step-

down converter. The  power stage , which consists o f the

current-mode  PWM comparator, the  power switch, the

freewhee ling diode  and the  inductor, feeds the  output

network. The  power stage  can be  mode led as a vo ltage -

contro lled current source , producing an output current

p ro p o rtio na l to  its  c o ntro lling  inp ut V
COMP

.   Its

transconductance  G
MP

 is  5 .7 Ω-1 . With the  current loop

c losed, the  contro l-to -output transfer function 
COMP

OUT

v

v
 has

a dominant-po le  p
2
 lo cated at a frequency slightly higher

than that o f the  output filter po le .

     
1OUT1OUT

OUT
2p

CR

n

CV

nI −=−≈ω                                       (8 )

where  C
1
 is the  output capacitor, R

OUT
 is the  equivalent

load resistance  and n (depending on duty ratio , s lope

co mpe nsatio n, fre que ncy and passive  co mpo ne nts) is

usually between 1  and 2 .

If C
1
 is ceramic , then its ESR zero  can be  neglected as it

situates we ll beyond half the  switching frequency. The

lo w fre que nc y gain o f the  c o ntro l-to -o utput trans fe r

func tio n is  s im p ly the  p ro d uc t o f  p o we r s ta ge

transco nduc tance  and the  e quivale nt lo ad re sistance

(Figure  1 3 ).

The  transfer functions o f the  feedback network and the

error amplifier are :

POWER 
STAGE 

GMP = 5.7Ω 
 

REFERENCE 
 

VOLTAGE 
 

1V 

+ 

- 

R5 

 
 C5 

 
 

C6 

 
RO 

 
 

R2 

 
 

COMP 
 

R1 

 
 FB 

 

C11 

 

ESR 

 
 C1 

 

R 

 
 

OUT 

 
 

V 
 
OUT 

 

V 
 
IN 
 

I OUT 
 

-1 

 

GMA =  
280µΩ 

 

-1 

 

V 
 

Figure  1 2 . Simplified Contro l Loop Equivalent Circuit
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     ( ) 







+

+






+

=
1 121

11 1

21

2

OUT

FB

CRRs1

RsC1

RR

R

v

v
                        (9 )

and

     
( )

( ) ( )56O5

55OMA

FB

COMP

RsC1RsC1

RsC1RG

v

v

+⋅+
+≈                            (1 0 )

provided that 65 CC >>  and 5O RR >> .

In Equation (1 0 ), C
5
 fo rms a low frequency po le  p

1
 with

the  output re sistance  R
O
 o f the  e rro r amplifie r and C

6

fo rm s  a  high fre q ue nc y po le  p
3
 with R

5
. Us ing the

component values shown in Figure  1  for the  1 2 V to  3 .3 V

regulator (1 .3 MHz),

     Ω=
Ωµ

== − M6.1
2 8 0

dB5 3

cetancTranscondu

GainLoopOpenAmplifier
R

1O

     
Hz2 1 0Krads3.1

pF4 7 0M6.1

1

CR

1

1

5O

1p

−=−=

•Ω
−=−=ω

−

     
MHz0.1Mrads5.6

pF1 0K4.1 5

1

CR

1

1

65

3p

−=−=

•Ω
−=−=ω

−

Bode  Plo ts  o f Contro l-to -Ouput, Output-to -Contro l and the  Ove rall Loop

Gain. Co ntro l-to -o utput transfe r functio n is  sho wn with two  po le s  ne ar

half the  switching frequency ω
S
.

Figure  1 3 .
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In addition C
5
 and R

5
 fo rm a zero  with angular frequency:

     
KHz2 2Krads1 4 0

pF4 7 0K4.1 5

1

CR

1

1

55

1Z

−=−=

⋅Ω
−=−=ω

−

The  o utp ut-to -c o ntro l tra ns fe r func tio n

OUT

FB

FB

COMP

OUT

COMP

v

v

v

v

v

v ⋅= is also  shown in Figure  1 3 . Its mid-

band gain (between z
1
 and p

3
) is  





+ 21

2
5MA

RR

R
RG . The

o ve rall lo o p gain T(s) is  the  pro duct o f the  co ntro l-to -

output and the  output-to -contro l transfe r functions. To

s im plify )j(T ω  Bo de  p lo t, the  fe e db ac k ne two rk is

assume d to  be  re sistive . If the  o ve rall lo o p gain is  to

c ro s s  0 dB at o ne  te nth o f the  s witc hing fre que nc y

(
5

f

1 0

S
C

π=ω=ω ) at – 2 0 dB/ decade , then its mid-band gain

(between z
1
 and p

2
) will be

     n1 0

RC

RC

n
1 0 OUT1S

OUT1

S

2p

c ω=

ω

=
ω
ω

.

This is also  equal to  





+ 21

2
5MAOUTMP

RR

R
RGRG .  There fore

     
n1 0

RC

RR

R
RGRG OUT1

21

2
5MAOUTMP

ω=





+ .

Re -arranging,

     
MAMP

1S

2

1
5

GnG1 0

C

R

R
1R

ω






+=                                     (1 1 )

ω
z1

 is  shown to  be  le ss than ω
p2

 in Figure  1 3 . Making

2p1z ω=ω gives a first-order estimate  o f C
5
:

     
5

)MIN(OUT1

5
nR

RC
C =                                                      (1 2 )

Notice  that R
5
 de termines the  mid-band loop gain o f the

converter. Increasing R
5
 increases the  mid-band gain and

the  crossover frequency. However it reduces the  phase

margin. An estimate  o f R
5
 and C

5
 can be  obtained from

(1 1 ) and (1 2 ) with n=1 . The compensation is then checked

by measuring the  loop gain and the  phase  or by observing

the  inductor current and the  output vo ltage  during load

transient. Choose  the  largest R
5
 and the  smallest C

5
 to

give  at least 4 5 ° o f phase  margin. The  co rre sponding

load transient should not show any ringing or excessive

overshoot (see  Figures 1 4 (c ), 1 4 (d), 1 7 (b) and 1 7 (c)). C
6

is a small ceramic  capacitor (1 0 -4 7 pF) to  ro ll o ff the  loop

gain at high frequency. Feedforward capacitor C
11

 boosts

phase  margin o ve r a limite d fre que nc y range  and is

sometimes used to  improve  loop response . C
1 1

 will be

more  e ffective  if 
211 RRR >> .

Example : Determine  the  compensation components for

the  1 .3 MHz 1 2 V to  5 V and 3 .3 V converter in Figure  1 .

For both channe ls, 
1

S Mrads2.8
−=ω , A2I

)MAX(OUT =   and

F1 0C1 µ= . n is assumed to  be  1  in (1 1 ) and (1 2 ).

For the  3 .3 V output:

     
Ω=

×⋅⋅⋅
⋅×






 += −

−

K9.1 6

)1 08.2()7.5()1(1 0

1 01 02.8

K1 0

K3.2 3
1R

4

56

5

     nF1
)A2(K9.1 6)1(

V3.31 0
C

5

5 =
⋅⋅

⋅=
−

For the  5 V channe l:

     
Ω=

×⋅⋅⋅
⋅×






 += −

−

K5.2 5

)1 08.2()7.5()1(1 0

1 01 02.8

K1 0

K2.4 0
1R

4

56

7

     nF1
)A2(K5.2 5)1(

V51 0
C

5

8 =
⋅⋅

⋅=
−

C
6
 and C

9
 (bo th 1 0 pF) are  then added to  increase  gain

margin. Load transient responses o f both channe ls are

observed using these  values. There  is very little  inductor

current overshoot even with C
5
 and C

8
 reduced to  470pF

and 2 2 0 pF respective ly (Figure  1 4 ). The  measured overall

lo o p gain and phase  plo ts  o f the  c o nve rte r are  also

sho wn.
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Board Layout Considerations

In a s te p-do wn switc hing re gulato r, the  input bypass

capacitor, the  main power switch and the  freewhee ling

diode  carry switched currents with high 
dt

di
 (Figure  1 5 ).

For jitter-free  operation, the  size  o f the  loop formed by

these  components should be  minimized. Since  the  power

switc he s  are  a lre ady inte grate d within the  SC2 4 4 0 ,

connecting the  anodes o f bo th freewhee ling diodes c lose

to  the  negative  te rminal o f the  input bypass capac ito r

minimizes size  o f the  switched current loop. The  input

bypass capac ito rs  sho uld also  be  place d c lo se  to  the

Figure  1 4 .    Overall Loop Gain and Phase  versus Frequency for (a) Channel 1  and (b) Channel 2  o f the  Dual

DC-DC Converter in Figure  1 . (c ) Channel 1  Load Transient Response , I
OUT1

 is switched between

0 .3 A and 1 .7 A. (d)  Channel 2  Load Transient Response , I
OUT2

 is switched between 0 .4 5 A and

1 .7 A.

Upper Trace  : OUT1  Voltage , AC Coupled, 0 .5 V/ div

Lower Trace : L
1
 Inductor Current, 0 .5 A/ div

Upper Trace  : OUT2  Voltage , AC Coupled, 0 .5 V/ div

Lower Trace : L
2
 Inductor Current, 0 .5 A/ div

(d)(c)

4 0 µs/ div

V
OUT

=5 V

4 0 µs/ div

V
OUT

=3 .3 V

(a)

V
IN

=1 2 V, V
OUT

=3 .3 V at 1 .7 A,

C
5
=4 7 0 pF, R

5
=1 5 .4 KΩ and C

6
=1 0 pF

(b)

V
IN

=1 2 V, V
OUT

=5 V at 1 .7 A,

C
7
=2 2 0 pF, R

8
=2 4 .3 KΩ and C

9
=1 0 pF
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input pins. Shortening the  traces o f the  SW and BOOST

nodes reduces the  parasitic  trace  inductance  at these

no de s. This  no t o nly re duce s  EMI but also  de c re ase s

switching vo ltage  spikes at these  nodes.

Figure s  1 6 (a) and 1 6 (b) sho ws ho w vario us  e xte rnal

c o m p o ne nts  a re  p la c e d  a ro und  the  SC2 4 4 0 . The

frequency-se tting resistor is placed next to  the  ROSC pin

on the  backside . The  resistor is grounded to  the  ground

plane , which is then tied to  anodes o f the  freewhee ling

dio de s with vias . The se  pre cautio ns re duce  switching

noise  pickup at the  ROSC pin.

To  ensure  proper adhesion to  the  ground plane , avo id

using vias  dire c tly unde r the  de vice . In figure  1 5  two

1 2 mil vias are  placed at the  edge  o f the  underside  pad.

IN V 

OUT V 

L Z 

Fast Switching Current Paths in a Buck

Regulator. Minimize  the  size  o f this loop

to  reduce  parasitic  trace  inductance .

Figure  1 5 .

Suggested PCB Layout for the  SC2 4 4 0 . Notice  that there  is no  via directly under

the  device  and that the  only component on the  backside  is the  frequency-setting

resistor. All vias are  1 2 mil in diameter.

Figure  1 6 .
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Figure  1 7 (a). 1 .3 MHz 5 V to  3 .3 V and 1 .8 V Step-down

Co nve rte r

Figures 1 7 (b) and 1 7 (c). Load Transient Response . I
OUT

 is switched between 0 .3 A and 1 .7 5 A.

2 0 µs/ div

Upper Trace  : OUT1  Voltage , AC Coupled, 0 .2 V/ div

Lower Trace : L
1
 Inductor Current, 0 .5 A/ div
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Upper Trace  : OUT2  Voltage , AC Coupled, 0 .2 V/ div
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Figure  1 8 (a). Producing an Output Lower than FB Voltage . 1 .5 MHz 5 V to  2 .5 V and 0 .8 V Step-down Converter
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CH1  : OUT1  Voltage , 0 .5 V/ div

CH4  : PGOOD2 , 1 V/ div

CH2  : OUT2  Voltage , 1 V/ div

CH3  : SS2  Voltage , 1 V/ div
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Figure  1 9 (a). 5 4 0 KHz 2 0 V to  5 V and 1 .8 V Step-down Converter. Notice  that Channel 2  is Bootstrapped

from OUT1 . This Bootstrapping Scheme Requires OUT1  to  be  Present at All Times (i.e . No  Hiccup

or Shutdown). Channel 2  will still Run if OUT1  is Absent. However its Power Disspation will be  High.

1 µs/ div

CH1  : SW1  Voltage , 1 0 V/ div
CH2  : SW2  Voltage , 1 0 V/ div

Figure  1 9 (b). Switching Waveforms.
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Figure  1 9 (c). V
IN

 Start Up Transient. I
OUT1

= I
OUT2

= 1 .5 A.
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