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TECHNOLOGY

FEATURES

Wide Input Range: 3.1V to 25V

Two Switching Regulators with 3A Qutput Capability
Independent Supply to Each Regulator
Adjustable/Synchronizable Fixed Frequency
Operation from 250kHz to 1.5MHz

Antiphase Switching

Outputs Can be Paralleled

Independent, Sequential, Ratiometric or Absolute
Tracking Between Outputs

Independent Soft-Start and Power Good Pins
Enhanced Short-Circuit Protection

Low Dropout: 95% Maximum Duty Cycle

Low Shutdown Current: <10pA

20-Lead TSSOP Package with Exposed Leadframe

APPLICATIONS

DSP Power Supplies

Disc Drives

DSL/Cable Modems

Wall Transformer Regulation
Distributed Power Regulation

L7, LT, LTC, LTM, Linear Technology, Burst Mode and the Linear logo are registered trademarks
and ThinSOT is a trademark of Linear Technology Corporation. All other trademarks are the
property of their respective owners.

| t /\D LT3501

Monholithic Duul Tracking
3A Step-Down Switching
Regulutor

DESCRIPTION

The LT®3501 is a dual-current mode PWM step-down
DC/DC converter with two internal 3.5A switches. Inde-
pendent input voltage, feedback, soft-start and power
good pins for each channel simplify complex power
supply tracking/sequencing requirements.

Both converters are synchronized to either a common
external clock input or a resistor programmable fixed
250kHz to 1.5MHz internal oscillator. At all frequencies, a
180° phase relationship between channels is maintained,
reducing voltage rippleand component size. Programmable
frequency allows for optimization between efficiency and
external component size.

Minimum input-to-output voltage ratios are improved
by allowing the switch to stay on through multiple clock
cycles, only switching off when the boost capacitor needs
recharging, resulting in ~95% maximum duty cycle.

Each output can be independently disabled using its own
soft-start pin, or by using the SHDN pin the entire part can
be placed in a low quiescent current shutdown mode.

The LT3501 is available in a 20-lead TSSOP package with
exposed leadframe for low thermal resistance.
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LT3501

ABSOLUTE MAXIMUM RATINGS PIN CONFIGURATION
(Note 1)
Vint/2, SHDN, PG1/2 oo 25V/-0.3V TOP VIEW
SWA/Z oo Vini/2 vin [1] 20] BST1
BST1/2 oo, 35V/-0.3V swi[2] 1 [i9] ss/TRacki
BST1/2 Pins Above SWA/2.......cocoeveveieeceeeee, 25V ot (3] | Il Vo
L +5A voor 4] 1} [ e
VOUT1/2e e eerereererereresiereee e Vinio/-0.3V Pa1 [5] I o2 I 16] Rrs¥NC
FB1/2, SS1/2, RT/SYNC oo 5.5V ez [o] | sl sron
Vourz [7] I [14] rB2
Vc1/2 ...................................................................... +ImA | l
: . InD2 [8] | I i3] v
Operating Junction Temperature Range sw2 3] | | 2] ssmacke
LT3501EFE (Notes 2, 8) .......cccec...... -40°C to 125°C Vo [0 B ] bsr2
IN2
LT3501IFE (Notes 2, 8) ........ccevueee.. -40°C to 125°C
Storage Temperature Range .................. -65°C to 150°C 20-LEAD PLASTIC TS50
Lead Temperature (Soldering, 10 SEC)................... 300°C Tonax = 125°C, 6, = 45°C/W, 0,(pap) = 10°C/W
EXPOSED PAD (PIN 21) IS GND, MUST BE SOLDERED TO PCB
ORDER INFORMATION
LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION TEMPERATURE RANGE
LT3501EFE#PBF LT3501EFE#TRPBF LT3501 20-Lead Plastic TSSOP -40°C to 125°C
LT3501IFE#PBF LT3501IFE#TRPBF LT3501 20-Lead Plastic TSSOP -40°C to 125°C

Consult LTC Marketing for parts specified with wider operating temperature ranges. *The temperature grade is identified by a label on the shipping container.

Consult LTC Marketing for information on non-standard lead based finish parts.

For more information on lead free part marking, go to: http://www.linear.com/leadfree/
For more information on tape and reel specifications, go to: http://www.linear.com/tapeandreel/

GLGCT'“CHL CHHBHCTG'“S“CS The @ denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Vyjy12 = 15V, Vst1/2 = open, Vry/sync = 2V, Vyout1/2 = open,

unless otherwise specified.

PARAMETER CONDITIONS MIN TYP MAX | UNITS
SHDN Threshold Voutiye = 0V, R/SYNC = 133k ® | 123 1.28 1.37 v
SHDN Input Current Vsupn = 1.375V 7 10 13 pA
Vsupn = 1.225V 2 3 5 HA

Minimum Input Voltage Ch 1 (Note 3) VEg1/2 = 0V, Vyoutis2 = OV, Vinp1/2 = OV, R1/SYNC = 133k 2.8 3 \
Minimum Input Voltage Ch 2 V12 = OV, VyouTi/2 = OV, Vinp1e = OV 2.8 3 V
Supply Shutdown Current Ch 1 Vshpn = 0V ° 30 HA
Supply Shutdown Current Ch 2 Vsupn = 0V 5 HA
Supply Quiescent Current Ch 1 Vegi2 = 0.9V 35 5 mA
Supply Quiescent Current Ch 2 Vg1 = 0.9V 200 500 pA
Feedback Voltage Ch 1/Ch 2 Vg1 =1V ® | 0784 0.8 0.816 v
Feedback Voltage Line Regulation Vi1 = 3V to 25V o -1 0 1 %
Feedback Voltage Offset Ch 1 to Ch 2 Vvgip =1V o -16 0 16 mV
3501fd
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L T3501
GLGCTRKHL CHﬂﬂﬂCTGﬁISTICS The e denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Vyjy12 = 15V, Vst1/2 = open, Vrr/sync = 2V, Vyouri/2 = open,
unless otherwise specified.

PARAMETER CONDITIONS MIN TYP MAX | UNITS
Feedback Bias Current Ch 1/Ch 2 VEg1/o = 0.8V Vygyp = 1V ® | -250 75 250 nA
Error Amplifier g, Ch 1/Ch 2 Vveiy2 = TV lygio = £5pA ] 150 275 450 pmho
Error Amplifier Gain Ch 1/Ch 2 1000 VNV
Error Amplifier to Switch Gain Ch 1/Ch 2 3.3 AN
Error Amplifier Source Current Ch 1/Ch 2 VEg12 = 0.6V, Vygqp =1V 10 15 25 HA
Error Amplifier Sink Current Ch 1/Ch 2 Vigi2 = 1V Vygip = 1V 15 20 30 HA
Error Amplifier High Clamp Ch 1/Ch 2 Vg2 = 0.7V 1.75 2.0 2.25 \
Error Amplifier Switching Threshold Ch 1/Ch 2 | Voyt1/2 = 5V, R1/SYNC = 133k 0.5 0.7 1 v
Soft-Start Source Current Ch 1/Ch 2 VEg1/o = 0.6V, Vgg1/0 = 0.4V ° 2 3 4.2 HA
Soft-Start Voy Ch 1/Ch 2 VEgyo = 0.9V 1.9 2 2.4 v
Soft-Start Sink Current Ch 1/Ch 2 VEg12 = 0.6V, Vggq0 = 1V 200 600 1000 pA
Soft-Start Vo Ch 1/Ch 2 Vegio = 0V 50 80 125 mvV
Soft-Start to Feedback Offset Ch 1/Ch 2 Vg1 = 1V Vggy0 = 0.4V ® -16 0 16 mV
Soft-Start Sink Current Ch 1/Ch 2 POR Vss1/2 = 0.4V (Note 4), Vyg =1V 0.5 15 2 mA
Soft-Start POR Threshold Ch 1/Ch 2 VEg1/2 = OV (Note 4) 55 80 105 mV
Soft-Start Switching Threshold Ch 1/Ch 2 Vg1 = 0V 30 50 70 mV
Power Good Leakage Ch 1/Ch 2 VEg1/2 = 0.9V, Vpg1yo = 25V, Vyy1/2 = 25V 0 1 HA
Power Good Threshold Ch 1/Ch 2 Veg1/0 Rising, PG1/2 = 20k to 5V ° 87 90 93 %
Power Good Hysteresis Ch 1/Ch 2 Veg1/2 Falling, PG1/2 = 20k to 5V 20 30 50 mV
Power Good Sink Current Ch 1/Ch 2 VEg1/2 = 0.65V, Vpgy/o = 0.4V 400 800 1200 HA
Power Good Shutdown Sink Current Ch 1/Ch 2 | V12 = 2V, V12 = 0V, Vpgy/o = 0.4V 10 50 100 HA
R1/SYNC Reference Voltage Veg1y2 = 0.9V, [gr/sync = —40pA 0.93 0.975 1 \
Switching Frequency R1/SYNC = 133k, Vrg1/2 = 0.6V, VgsT1/2 = Vgw + 3V 200 250 300 kHz
R1/SYNC = 15.4k, V1o = 0.6V, VgsT1/2 = Vgw + 3V 1.2 1.5 1.8 MHz
Switching Phase Angle Ch A to Ch B R1/SYNC = 133k, Vrg1/2 = 0.6V, VgsT1/2 = Vgw + 3V 120 180 210 Deg
Minimum Boost for 100% Duty Cycle Ch 1/Ch 2 | Veg1y2 = 0.7V, IgT/sync = —35uA (Note 5), Voyt = 0V 1.7 2 v
SYNC Frequency Range VsT1/2 = Vow + 3V 250 1500 kHz
SYNC Switching Phase Angle Ch A to Ch B SYNC Frequency = 250kHz, VgsT1/2 = Vgw + 3V 120 180 210 Deg
IND + VOUT Current Ch 1/Ch 2 VVOUT1/2 =0V VFB1/2 =0.9v 40 70 100 UA
Vvour1se = 5V 0 1 LA
IND to Vgyt Maximum Current Ch 1/Ch 2 VvouTi/2 = 0.5V (Note 6), Veg12 = 0.7V, VgsTi/2 = 20V 3.25 4 5 A
VvouT1/2 = BV (Note 6), Rt/SYNC = 133k, Vggr1/2 = 20V 35 4 5 A
Switch Leakage Current Ch 1/Ch 2 Vswiy2 = 0V, Vyy1y2 = 25V [ 0 50 HA
Switch Saturation Voltage Ch 1/Ch 2 Iswi/2 = 3A, VgsTi/2 = 20V, VEg1p = 0.7V o 250 600 mV
Boost Current Ch 1/Ch 2 Isw1/2 = 3A, VgsT1/2 = 20V, VEgy0 = 0.7V 25 60 100 mA
Minimum Boost Voltage Ch 1/Ch 2 |5w1/2 =3A, VBST1/2 =20V, VFB1/2 =07V 1.4 2.5 \
Note 1: Stresses beyond those listed under Absolute Maximum Ratings characterization and correlation with statistical process controls. The
may cause permanent damage to the device. Exposure to any Absolute LT3501IFE is guaranteed and tested over the full -40°C to 125°C operating
Maximum Rating condition for extended periods may affect device junction temperature range.
reliability and lifetime. Note 3: Minimum input voltage is defined as the voltage where internal
Note 2: The LT3501EFE is guaranteed to meet performance specifications bias lines are regulated so that the reference voltage and oscillator remain
from 0°C to 125°C junction temperature. Specifications over the —40°C constant. Actual minimum input voltage to maintain a regulated output will
to 125°C operating junction temperature range are assured by design, depend upon output voltage and load current. See Applications Information.
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ELECTRICAL CHARACTERISTICS

Note 4: An internal power-on reset (POR) latch is set on the positive
transition of the SHDN pin through its threshold. The output of the latch
activates current sources on each SS pin which typically sink 1.5mA,
discharging the SS capacitor. The latch is reset when both SS pins are
driven below the soft-start POR threshold or the SHDN pin is taken below

its threshold.

Note 5: To enhance dropout operation, the output switch will be turned off
for the minimum off-time only when the voltage across the boost capacitor
drops below the minimum boost for 100% duty cycle threshold.

current flowing from the IND pin to the Vyt pin which resets the switch
latch when the Vg pin is at its high clamp.

Note 7: This is the minimum voltage across the boost capacitor needed to
guarantee full saturation of the internal power switch.

Note 8: This IC includes overtemperature protection that is intended

to protect the device during momentary overload conditions. Junction

Note 6: The IND to Voyt maximum current is defined as the value of

temperature will exceed 125°C when overtemperature protection is active.
Continuous operation above the specified maximum operating junction
temperature may impair device reliability.

TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS
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LT3501

TYPICAL PERFORMANCE CHARACTERISTICS
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TYPICAL PERFORMANCE CHARACTERISTICS
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LT3501

PIN FUNCTIONS

Vin1 (Pin 1): The Viyq pin powers the internal control
circuitry for both channels and is monitored by the under-
voltage lockout comparator. The Vi1 pinisalso connected
to the collector of channel 1’s on-chip power NPN switch.
The V)y1 pin has high dl/dt edges and must be decoupled
to ground close to the pin of the device.

SW1/SW2 (Pins 2, 9): The SW pin is the emitter of the on-
chip power NPN. At switch-off, the inductor will drive this
pin below ground with a high dV/dt. An external Schottky
catch diode to ground, close to the SW pin and respective
V| decoupling capacitor’s ground, must be used to prevent
this pin from excessive negative voltages.

IND1/IND2 (Pins 3, 8): The IND pin is the input to the
on-chip sense resistor that measures current flowing in
the inductor. When the current in the resistor exceeds
the current dictated by the V¢ pin, the SW latch is held in
reset, disabling the output switch. Bias current flows out
of the IND pin when IND is less than 1.6\.

Vour1/Nourz (Pins 4, 7): The Voyr pin is the output to
the on-chip sense resistor that measures current flowing
in the inductor. When the current in the resistor exceeds
the current dictated by the V¢ pin, the SW latch is held in
reset, disabling the output switch. Bias current flows out
of the Vgyr pin when Vgyr is less than 1.6V,

PG1/PG2 (Pins 5, 6): The power good pin is an open-col-
lector output that sinks current when the feedback falls
below 90% of its nominal regulating voltage. For V1
above 1V its output state remains true, although during
shutdown, V,y1 undervoltage lockout orthermal shutdown,
its current sink capability is reduced. The PG pins can be
left open circuit or tied together to form a single power
good signal.

Vin2 (Pin 10): The Vo pin is the collector of channel 2's
on-chip power NPN switch. This pinis independent of V1
and may be connected to the same or a separate supply. In
either case, high dl/dt edges are present and decoupling
to ground must be used close to this pin.

$S1/882 (Pins 19, 12): The SS1/2 pins control the soft-
start and sequence of their respective outputs. A single
capacitorfromthe SS pinto ground determines the output
ramp rate. For soft-start and output tracking/sequencing
details, see the Applications Information section.

Vc1/Nlg2 (Pins 18, 13): The V¢ pin is the output of the
error amplifier and the input to the peak switch current
comparator. It is normally used for frequency compensa-
tion, but can also be used as a current clamp or control
loop override. If the error amplifier drives V¢ above the
maximum switch current level, a voltage clamp activates.
This indicates that the output is overloaded and current is
pulled from the SS pin, reducing the regulation point.

FB1/FB2 (Pins 17, 14): The FB pin is the negative input
to the error amplifier. The output switches regulate this
pin to 0.8V with respect to the exposed ground pad. Bias
current flows out of the FB pin.

SHDN (Pin 15): The shutdown pin is used to turn off both
channels and control circuitry to reduce quiescent current
toatypical value of 9uA. The accurate 1.28V threshold and
input current hysteresis can be used as an undervoltage
lockout, preventing the regulator from operating until the
input voltage has reached a predetermined level. Force
the SHDN pin above its threshold or let it float for normal
operation.

R1/SYNC (Pin 16): This Ry/SYNC pin provides two modes
of setting the constant switch frequency.

Connecting a resistor from the Ry/SYNC pin to ground
will set the R7/SYNC pin to a typical value of 0.975V. The
resultant switching frequency will be set by the resistor
value. The minimum value of 15.4k and maximum value of
133k sets the switching frequency to 1.5MHz and 250kHz,
respectively.

Driving the R1/SYNC pin with an external clock signal will
synchronize the switch to the applied frequency. Synchro-
nization occurs on the rising edge of the clock signal after

3501fd
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PIN FUNCTIONS

the clock signal is detected, with switch 1 in phase with
the synchronization signal. Each rising clock edge initiates
an oscillator ramp reset. A gain control loop servos the
oscillator charging currentto maintain a constant oscillator
amplitude. Hence, the slope compensation and channel
phase relationship remain unchanged. If the clock signal
is removed, the oscillator reverts to resistor mode and
reapplies the 0.975V bias to the Ry/SYNC pin after the
synchronization detection circuitry times out. The clock
source impedance should be set such that the current out
ofthe R/SYNC pinin resistor mode generates afrequency
roughly equivalent to the synchronization frequency.

BST1/BST2 (Pins 20, 11): The BST pin provides a higher
than Vjy base drive to the power NPN to ensure a low
switch drop. A comparator to V,y imposes a minimum
off-time on the SW pin if the BST pin voltage drops too
low. Forcing a SW off-time allows the boost capacitor to
recharge.

Exposed Pad (Pin 21): GND. The Exposed Pad GND pin is
the only ground connection for the device. The Exposed
Pad should be soldered to a large copper area to reduce
thermal resistance. The GND pin is common to both chan-
nels and also serves as small-signal ground. For ideal
operation all small-signal ground paths should connect
to the GND pin at a single point, avoiding any high current
ground returns.

3501fd
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LT3501

BLOCK DIAGRAM
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Figure 1. Block Diagram (One of Two Switching Regulators Shown)

The LT3501 is dual-channel, constant-frequency, current
mode buck converter with internal 3A switches. Each
channel isidentical witha common shutdown pin, internal
regulator, oscillator, undervoltage detect, thermal shutdown
and power-on reset.

If the SHDN pin is taken below its 1.28V threshold the
LT3501 will be placed in a low quiescent current mode.
In this mode the LT3501 typically draws 9uA from Vy4
and <1pA from Vyo. In shutdown mode the PG is active
with a typical sink capability of 50pA for Viyq voltage
greater than 2V.

When the SHDN pin is opened or driven above 1.28V,
the internal bias circuits turn on generating an internal
regulated voltage, 0.8Vrg, 0.975V R7/SYNC references,
and a POR signal which sets the soft-start latch.

As the R7/SYNG pin reaches its 0.975V regulation point,
the internal oscillator will start generating two clock sig-
nals 180° out of phase for each regulator at a frequency
determined by the resistor fromthe Rt/SYNC pinto ground.
Alternatively, if a synchronization signal is detected by the
LT3501 atthe R1/SYNC pin, clock signals 180° out of phase
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will be generated at the incoming frequency on the rising
edge of the synchronization pulse with switch 1 in phase
with the synchronization signal. In addition, the internal
slope compensation will be automatically adjusted to pre-
vent subharmonic oscillation during synchronization.

The two regulators are constant-frequency, current mode
step-down converters. Current mode regulators are con-
trolled by an internal clock and two feedback loops that
control the duty cycle of the power switch. In addition to
the normalerroramplifier, thereisacurrentsense amplifier
that monitors switch current on a cycle-by-cycle basis.
This technique means that the error amplifier commands
current to be delivered to the output rather than voltage.
A voltage fed system will have low phase shift up to the
resonant frequency of the inductor and output capacitor,
then an abrupt 180°, shift will occur. The current fed sys-
tem will have 90° phase shift at a much lower frequency,
but will not have the additional 90° shift until well beyond
the LC resonant frequency. This makes it much easier to
frequency compensate the feedback loop and also gives
much quicker transient response.

The Block Diagram in Figure 1 shows only one of the
switching regulators whose operation will be discussed
below. The additional regulator will operate in a similar
manner with the exception that its clock will be 180° out
of phase with the other regulator.

When, during power-up, the POR signal sets the soft-start
latch, both SS pins will be discharged to ground to ensure
proper start-up operation. When the SS pin voltage drops
below 80mV, the V¢ pin is driven low disabling switching
and the soft-start latch is reset. Once the latch is reset the
soft-start capacitor starts to charge with a typical value
of 3.25pA.

As the voltage rises above 80mV on the SS pin, the V¢ pin
will be driven high by the error amplifier. When the voltage
on the V¢ pin exceeds 0.7V, the clock set-pulse sets the
driver flip-flop which turns on the internal power NPN
switch. This causes current from Vyy, through the NPN
switch, inductor and internal sense resistor, to increase.
When the voltage drop across the internal sense resistor
exceeds a predetermined level set by the voltage on the
V¢ pin, the flip-flop is reset and the internal NPN switch

is turned off. Once the switch is turned off the inductor
will drive the voltage at the SW pin low until the external
Schottky diode starts to conduct, decreasing the current
in the inductor. The cycle is repeated with the start of each
clock cycle. However, if the internal sense resistor voltage
exceedsthe predetermined levelatthe startofaclock cycle,
the flip-flop will not be set resulting in a further decrease in
inductor current. Since the output current is controlled by
the V¢ voltage, output regulation is achieved by the error
amplifier continually adjusting the V¢ pin voltage.

The error amplifier is a transconductance amplifier that
compares the FB voltage to the lowest voltage present at
eitherthe SS pinoraninternal 0.8V reference. Compensa-
tion of the loop is easily achieved with a simple capacitor
or series resistor/capacitor from the V¢ pin to ground.

Since the SS pin is driven by a constant current source, a
single capacitor onthe soft-start pin will generate controlled
linear ramp on the output voltage.

If the current demanded by the output exceeds the maxi-
mum current dictated by the V¢ pin clamp, the SS pin
will be discharged, lowering the regulation point until the
output voltage can be supported by the maximum current.
When overload is removed, the output will soft-start from
the overload regulation point.

VNt undervoltage detection or thermal shutdown will
set the soft-start latch, resulting in a complete soft-start
sequence.

The switch driver operates from either the Vy or BST volt-
age. An external diode and capacitor are used to generate
adrive voltage higher than V) to saturate the output NPN
and maintain high efficiency. If the BST capacitor voltage
is sufficient, the switch is allowed to operate to 100% duty
cycle. If the boost capacitor discharges towards a level
insufficient to drive the output NPN, a BST pin compara-
tor forces a minimum cycle off-time, allowing the boost
capacitor to recharge.

A power good comparator with 30mV of hysteresis trips
at 90% of regulated output voltage. The PG output is an
open-collector NPN that is off when the output is in regu-
lation allowing a resistor to pull the PG pin to a desired
voltage.
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Choosing the Output Voltage

The output voltage is programmed with a resistor divider
between the output and the FB pin. Choose the 1% resis-
tors according to:

Vout )
R1=R2e¢| —~ -1
(0.8V

R2should be 10k orless to avoid bias currenterrors. Refer-
ence designators refer to the Block Diagram in Figure 1.

Choosing the Switching Frequency

The LT3501 switching frequency is set by resistor R3 in
Figure 1. The Ry/SYNC pinisinternally regulated at 0.975V.
Setting resistor R3 sets the current in the Ry/SYNC pin
which determines the oscillator frequency as illustrated
in Figure 2.

The switching frequency is typically set as high as pos-
sible to reduce overall solution size. The LT3501 employs
techniques to enhance dropout at high frequencies but
efficiency and maximum input voltage decrease due to
switching losses and minimum switch on-times. The
maximum recommended frequency can be approximated
by the equation:

VOUT +VD R 1
Vin = Vsw +Vb  tonuiny

Frequency (Hz)=

where Vpisthe forward-voltage drop of the catch diode (D1
Figure 2), Vg is the voltage drop of the internal switch,
and tonwiny in the minimum on-time of the switch, all at
maximum load current.
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Figure 2. Frequency and Phase vs Ry/SYNC Resistance
The following example along with the data in Table 1
illustrates the trade-offs of switch frequency selection.
Example:

Vin =23V, Voyt = 3.3V, Igyt = 2.5A,

Temperature = 0°C to 85°C

tonviny = 200ns (85°C from Typical Characteristics

graph), Vp = 0.6V, Vgy = 0.4V (85°C)
3.3+0.6 . 1

25-0.4+0.6 200e-9

RT/SYNC ~ 42k (Figure 2)

Max Frequency = ~750kHz

Input Voltage Range

Once the switching frequency has been determined, the
inputvoltage range of the regulator can be determined. The
minimuminputvoltage is determined by eitherthe LT3501’s
minimum operating voltage of ~2.8V, or by its maximum

Table 1. Efficiency and Size Comparisons for Different Rgy/sync Values. 3.3V Qutput

EFFICIENCY
FREQUENCY | Ry/SYNC | Vymiz=12V | Vinwax! L* [ C+l
1.2MHz 20,5k 79.0% 16 15pH | 22uH | 63mm2
1.0MHz 26.7 80.9% 18 220H | 47pH | 66mm2
750kHz 38.3k 81.2% 22 33pH | 47pF | 66mm2
500kHz 61.9k 82.0% 24 ATyH | 47yF | 66mm?
250kHz 133k 83.9% 24 10yH | 100pF | 172mm2

TVIN(MAX) is defined as the highest input voltage that maintains constant output voltage ripple.
*Inductor and capacitor values chosen for stability and constant ripple current.
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duty cycle. The duty cycle is the fraction of time that the
internal switch is on during a clock cycle. Unlike most
fixed frequency regulators, the LT3501 will not switch off
at the end of each clock cycle if there is sufficient voltage
across the boost capacitor (C3 in Figure 1) to fully satu-
rate the output switch. Forced switch-off for a minimum
time will only occur at the end of a clock cycle when the
boost capacitor needs to be recharged. This operation
has the same effect as lowering the clock frequency for a
fixed off-time, resulting in a higher duty cycle and lower
minimum input voltage. The resultant duty cycle depends
on the charging times of the boost capacitor and can be
approximated by the following equation:

]
DCvax = —

‘|_
"B

where B is 3A divided by the typical boost current from
the Electrical Characteristics table.

This leads to a minimum input voltage of:

%M+%—%+%w

Vinminy = DCyax

where Vgyy is the voltage drop of the internal switch.

Figure 3 shows a typical graph of minimum input voltage
vs load current for the 3.3V and 1.8V application on the
first page of this data sheet. The maximum input voltage
is determined by the absolute maximum ratings of the V)
and BST pins and by the frequency and minimum duty
cycle. The minimum duty cycle is defined as :

DCyin = tongminy Frequency
Maximum input voltage as:

Voutr + Vo

—\ph + V.
DGy D+ Vsw

Vingax) =

Note that the LT3501 will regulate if the input voltage is
taken above the calculated maximum voltage as long as
maximum ratings of the V;y and BST pins are not violated.
However operationinthis region of input voltage will exhibit
pulse skipping behavior,

6.0

Vour =3.3V
5.5

50 [

START-UP

45

VOLTAGE (V)

4.0 //
35 \\__//
RUNNING
3.0 ‘
1 10 100 1000 10000
CURRENT (mA)

3501 FO3

Figure 3. Minimum Input Voltage vs Load Current

Example:

Vour = 3.3V, lgyt = 1A, Frequency = 1MHz, Temperature
=25°C

Vow = 0.1V, B = 50 (from from boost characteristics
specification), Vp = 0.4V, ton(win) = 200ns

1

DCyax = 1 =98%
1 o
50
Vinginy = 3'353'4 ~0.4+0.1=3.48V

DCN“N = tMIN(ON) *f=0.200

3.3+0.4

0.200 -0.4+0.1=18.2V

Vinmax) =

Inductor Selection and Maximum Output Current
A good first choice for the inductor value is:

L — (MVin=Vour ) * Vour
V|N°f

where fis frequency in MHz and L is in pH.

With this value the maximum load current will be ~3A,
independent of input voltage. The inductor’s RMS current
rating must be greater than your maximum load current

3501fd
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and its saturation current should be about 30% higher. To
keep efficiency high, the series resistance (DCR) should
be less than 0.05Q.

Forapplications with a duty cycle of about 50%, the induc-
tor value should be chosen to obtain an inductor ripple
current less than 40% of peak switch current.

Of course, suchasimple design guide will not always result
inthe optimuminductorforyourapplication. Alarger value
provides a slightly higher maximum load current, and will
reduce the output voltage ripple. If your load is lower than
2.5A, then you can decrease the value of the inductor and
operate with higher ripple current. This allows you to use
a physically smaller inductor, or one with a lower DCR
resulting in higher efficiency.

The current in the inductor is a triangle wave with an
average value equal to the load current. The peak switch
currentis equal to the output current plus half the peak-to-
peak inductor ripple current. The LT3501 limits its switch
current in order to protect itself and the system from
overload faults. Therefore, the maximum output current
that the LT3501 will deliver depends on the current limit,
the inductor value, switch frequency, and the input and
output voltages. The inductor is chosen based on output
current requirements, output voltage ripple requirements,
size restrictions and efficiency goals.

When the switch is off, the inductor sees the output volt-
age plus the catch diode drop. This gives the peak-to-peak
ripple current in the inductor:

. — (1=DC)(Vour + o)
. Lef
where f is the switching frequency of the LT3501 and L

is the value of the inductor. The peak inductor and switch
current is

Al
lsw(pk) =ILpk=lout+—~

To maintain output regulation, this peak current must be
less than the LT3501’s switch current limit Iy . I m is

3.5A overtheentire duty cycle range. The maximum output
current is a function of the chosen inductor value:

Al Al
lourmax) =lim —TL = 3-5—7L

If the inductor value is chosen so that the ripple current
is small, then the available output current will be near the
switch current limit.

One approach to choosing the inductor is to start with the
simple rule given above, look at the available inductors
and choose one to meet cost or space goals. Then use
these equations to check that the LT3501 will be able to
deliver the required output current. Note again that these
equations assume that the inductor currentis continuous.
Discontinuous operation occurs when Igyr is less than
/2 as calculated above.

Figure 4 illustrates the inductance value needed fora 3.3V
output with a maximum load capability of 3A. Referring
to Figure 4, an inductor value between 3.3uH and 4.7uH
will be sufficient for a 15V input voltage and a switch
frequency of 750kHz. There are several graphs in the
Typical Performance Characteristics section of this data
sheet that show inductor selection as a function of input
voltage and switch frequency for several popular output
voltages and output ripple currents. Also, low inductance

1500 [y —

IRippLE = 1A L~

1250 =224
40N

/ L= S'ﬂ | —
/
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o
o
o
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o
o
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|t

o
o
o

'/ T
L~ L = 6.8uH

"]

L=47;H
/ ///r
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|
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3501 FO4

Figure 4. Inductor Values for 3A Maximum Load Current
vs Frequency and Input Voltage
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may result in discontinuous mode operation, which is
okay, but further reduces maximum load current. For
details of maximum output current and discontinuous
mode operation, see Linear Technology Application Note
44. Finally, for duty cycles greater than 50% (Vout/Viy
> 0.5), there is @ minimum inductance required to avoid
subharmonic oscillations. See Application Note 19 for
more information.

Input Capacitor Selection

Bypass the inputs of the LT3501 circuit with a 4.7uF or
higher ceramic capacitor of X7R or X5R type. A lower
value or a less expensive Y5V type can be used if there
is additional bypassing provided by bulk electrolytic or
tantalum capacitors. The following paragraphs describe
the input capacitor considerations in more detail.

Step-downregulators draw currentfromthe inputsupplyin
pulses with very fast rise and fall times. The input capaci-
toris required to reduce the resulting voltage ripple at the
LT3501 and to force this very high frequency switching
current into a tight local loop, minimizing EMI. The input
capacitor must have low impedance at the switching fre-
quency to do this effectively, and it must have an adequate
ripple current rating. With two switchers operating at the
same frequency but with different phases and duty cycles,
calculating the input capacitor RMS current is not simple.
However, a conservative value is the RMS input current for
the channel that is delivering most power (Vour ® lout)-
This is given by:

| loutyVout *(Mn —Vout) _lour
CIN(RMS) = Vi < D

and is largest when Vy = 2Vgyt (50% duty cycle). As
the second, lower power channel draws input current,
the input capacitors RMS current actually decreases as
the out-of-phase current cancels the current drawn by the
higher power channel. Considering that the maximum load
current from a single channel is ~3A, RMS ripple current
will always be less than 1.5A.

The frequency, Vi to Vgyrt ratio, and maximum load cur-
rent requirement of the LT3501 along with the input supply
source impedance, determine the energy storage require-

ments of the input capacitor. Determine the worst-case
condition for input ripple current and then size the input
capacitor such that it reduces input voltage ripple to an
acceptable level. Typical values for input capacitors run
from 10pFatlowfrequenciesto2.2pFat higherfrequencies.
The combination of small size and low impedance (low
equivalent series resistance or ESR) of ceramic capacitors
make them the preferred choice. The low ESR results in
very low voltage ripple and the capacitors can handle plenty
of ripple current. They are also comparatively robust and
can be used in this application at their rated voltage. X5R
and X7R types are stable over temperature and applied
voltage, and give dependable service. Othertypes (Y5Vand
Z5U) have very large temperature and voltage coefficients
of capacitance, so they may have only a small fraction of
their nominal capacitance in your application. While they
will still handle the RMS ripple current, the input voltage
ripple may become fairly large, and the ripple current may
end up flowing from your input supply or from other by-
pass capacitors in your system, as opposed to being fully
sourced from the local input capacitor. An alternative to a
high value ceramic capacitor is a lower value along with
a larger electrolytic capacitor, for example a 1pF ceramic
capacitor in parallel with a low ESR tantalum capacitor.
For the electrolytic capacitor, a value larger than 10pF will
be required to meet the ESR and ripple current require-
ments. Because the input capacitor is likely to see high
surge currents when the input source is applied, tantalum
capacitors should be surge rated. The manufacturer may
also recommend operation below the rated voltage of the
capacitor. Be sure to place the 1puF ceramic as close as
possible to the Vi and GND pins on the IC for optimal
noise immunity.

Whenthe LT3501’s input supplies are operated at different
input voltages, an input capacitor sized for that channel
should be placed as close as possible to the respective
Viy pins.

A final caution regarding the use of ceramic capacitors
at the input. A ceramic input capacitor can combine with
stray inductance to form a resonant tank circuit. If power
is applied quickly (for example by plugging the circuit
into a live power source) this tank can ring, doubling the
input voltage and damaging the LT3501. The solution is to
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either clamp the input voltage or dampen the tank circuit
by adding a lossy capacitor in parallel with the ceramic
capacitor. For details, see Application Note 88.

Output Capacitor Selection

Typically step-down regulators are easily compensated
with an output crossover frequency that is one-tenth of
the switching frequency. This means that the time that the
output capacitor must supply the outputload duringatran-
sient step is ~2 or 3 switching periods. With an allowable
5% drop in output voltage during the step, a good starting
value for the output capacitor can be expressed by:

Max Load Step

C =
vour Frequency 0.05« \Vyt
Example:
Vour = 3.3V, Frequency = TMHz, Max Load Step = 3A

— 2
VOUT = 466 0.05+3.3V

The calculated value is only a suggested starting value.
Increasethe valueiftransient response needs improvement
or reduce the capacitance if size is a priority.

=12uF

The output capacitorfilters the inductor currentto generate
an output with low voltage ripple. It also stores energy in
orderto satisfy transientloads and to stabilize the LT3501’s
control loop. The switching frequency of the LT3501 deter-
mines the value of output capacitance required. Also, the
current mode control loop doesn’t require the presence
of output capacitor series resistance (ESR). For these
reasons, you are free to use ceramic capacitors to achieve
very low output ripple and small circuit size.

Estimate output ripple with the following equations:
VRrippLE = Al /(8f Coyr) for ceramic capacitors,
and

VRrippLE = Al ESR for electrolytic capacitors (tantalum
and aluminum)

where Al_ is the peak-to-peak ripple current in the
inductor.

The RMS content of this ripple is very low, and the RMS
current rating of the output capacitor is usually not of
concern.

Another constraint on the output capacitor is that it must
have greater energy storage thanthe inductor; if the stored
energy in the inductor is transferred to the output, you
would like the resulting voltage step to be small compared
tothe regulation voltage. For a 5% overshoot, this require-
ment becomes

2
Cout >10 L(MJ
Vout

Finally, there mustbe enough capacitance forgood transient
performance. The lastequation gives agood starting point.
Alternatively, you can start with one of the designs in this
data sheetand experimentto get the desired performance.
This topic is covered more thoroughly in the section on
loop compensation.

The high performance (low ESR), small sizeand robustness
of ceramic capacitors make them the preferred type for
LT3501 applications. However, all ceramic capacitors are
notthe same. As mentioned above, many of the high value
capacitors use poor dielectrics with high temperature and
voltage coefficients. In particular, Y5V and Z5U types lose
a large fraction of their capacitance with applied voltage
and temperature extremes. Because the loop stability and
transient response depend on the value of Coyt, you may
not be able to tolerate this loss. Use X7R and X5R types.
You can also use electrolytic capacitors. The ESRs of most
aluminum electrolytics are too large to deliver low output
ripple. Tantalum and newer, lower ESR organic electrolytic
capacitors intended for power supply use, are suitable
and the manufacturers will specify the ESR. The choice of
capacitor value will be based on the ESR required for low
ripple. Because the volume of the capacitor determines
its ESR, both the size and the value will be larger than a
ceramic capacitor that would give you similar ripple per-
formance. One benefit is that the larger capacitance may
give better transient response for large changes in load
current. Table 2 lists several capacitor vendors.
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Table 2
VENDOR TYPE SERIES
Taiyo Yuden Ceramic X5R, X7R
AVX Ceramic X5R, X7R
Tantalum
Kemet Tantalum T491, T494, T495
TA Organic T520
AL Organic A700
Sanyo TA/AL Organic POSCAP
Panasonic AL Organic SP CAP
TDK Ceramic X5R, X7R
Catch Diode

The diode D1 conducts current only during switch off-time.
Use a Schottky diode to limit forward-voltage drop to
increase efficiency. The Schottky diode must have a peak
reverse voltage that is equal to regulator input voltage and
sized for average forward current in normal operation.
Average forward current can be calculated from:

|
Ib(ave) = (\)/:JNT *(Vin = Vour)

The only reason to consider a larger diode is the worst-
case condition of a high input voltage and shorted output.
With a shorted condition, diode current will increase to a
typical value of 4A, determined by the peak switch current
limit of the LT3501. This is safe for short periods of time,
but it would be prudent to check with the diode manu-
facturer if continuous operation under these conditions
can be tolerated.

BST Pin Considerations

The capacitor and diode tied to the BST pin generate
a voltage that is higher than the input voltage. In most
cases a 0.47yF capacitor and fast switching diode (such
as the CMDSH-3 or FMMD914) will work well. Almost
any type of film or ceramic capacitor is suitable, but the
ESR should be <1 to ensure it can be fully recharged
during the off-time of the switch. The capacitor value can
be approximated by:

loutguax) *DC
B ’(VOUT - VBST(MIN)) of

CasT =

where lgyt(max) is the maximum load current, and
Vst(miny is the minimum boost voltage to fully saturate
the switch.

Figure 5 shows four ways to arrange the boost circuit. The
BST pin must be more than 1.4V above the SW pin for
full efficiency. Generally, for outputs of 3.3V and higher
the standard circuit (Figure 5a) is the best. For outputs
between2.8Vand 3.3V, replace the D2 with asmall Schottky
diode such as the PMEG4005. For lower output voltages
the boost diode can be tied to the input (Figure 5b). The
circuit in Figure 5a is more efficient because the BST
pin current comes from a lower voltage source. Figure
5¢ shows the boost voltage source from available DC
sources that are greater than 3\, The highest efficiency is
attained by choosing the lowest boost voltage above 3V.
For example, if you are generating 3.3V and 1.8V and the
3.3V is on whenever the 1.8V is on, the 1.8V boost diode
can be connected to the 3.3V output. In any case, you
must also be sure that the maximum voltage at the BST
pin is less than the maximum specified in the Absolute
Maximum Ratings section.

The boost circuit can also run directly from a DC voltage
that is higher than the input voltage by more than 3V, as
in Figure 5d. The diode is used to prevent damage to the
LT3501 in case Vy is held low while V,y is present. The
circuit saves several components (both BST pins can be
tied to D2). However, efficiency may be lower and dissipa-
tionin the LT3501 may be higher. Also, if Vy is absent, the
LT3501 will still attempt to regulate the output, but will do
so with very low efficiency and high dissipation because
the switch will not be able to saturate, dropping 1.5V to
2V in conduction.

The minimum input voltage of an LT3501 application is
limited by the minimum operating voltage (<3V) and by
the maximum duty cycle as outlined above. For proper
start-up, the minimum input voltage is also limited by
the boost circuit. If the input voltage is ramped slowly, or
the LT3501 is turned on with its SS pin when the output
is already in regulation, then the boost capacitor may not
be fully charged. Because the boost capacitor is charged
with the energy stored in the inductor, the circuit will rely
on some minimum load current to get the boost circuit
running properly. This minimum load will depend on
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Figure 5. BST Pin Considerations

input and output voltages, and on the arrangement of the
boost circuit. The Typical Performance Characteristics
section shows plots of the minimum load current to start
and to run as a function of input voltage for 3.3V and 5V
outputs. In many cases the discharged output capacitor
will present a load to the switcher which will allow it to
start. The plots show the worst-case situation where Vy is
ramping very slowly. Use a Schottky diode for the lowest
start-up voltage.

Frequency Compensation

The LT3501 uses current mode control to regulate the
output. This simplifies loop compensation. In particular, the
LT3501 does not require the ESR of the output capacitor
for stability so you are free to use ceramic capacitors to
achieve low output ripple and small circuit size.

Frequency compensation is provided by the components
tied to the Vg pin. Generally a capacitor and a resistor in
series to ground determine loop gain. In addition, there
is a lower value capacitor in parallel. This capacitor is not

part of the loop compensation but is used to filter noise
at the switching frequency.

Loop compensation determines the stability and transient
performance. Designing the compensation network is a bit
complicated and the best values depend on the application
and in particular the type of output capacitor. A practical
approach is to start with one of the circuits in this data
sheet that is similar to your application and tune the com-
pensation network to optimize the performance. Stability
should then be checked across all operating conditions,
including load current, input voltage and temperature.

The LT1375 data sheet contains a more thorough discus-
sion of loop compensation and describes how to test the
stability using a transient load.

Figure 6 shows an equivalent circuit for the LT3501 control
loop. The error amp is a transconductance amplifier with
finite output impedance. The power section, consisting of
the modulator, power switch and inductor, is modeled as
a transconductance amplifier generating an output cur-
rent proportional to the voltage at the V¢ pin. Note that
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LT3501

CURRENT MODE

POWER STAGE
Om = 3mho

Om = 275pmho

28
Tl

3501 F06

Figure 6. Model for Loop Response

the output capacitor integrates this current, and that the
capacitor on the Vg pin (Cg) integrates the error ampli-
fier output current, resulting in two poles in the loop. In
most cases a zero is required and comes from either the
output capacitor ESR or from a resistor in series with Cg.
This simple model works well as long as the value of the
inductor is not too high and the loop crossover frequency
is much lower than the switching frequency. A phase lead
capacitor (Cpy) across the feedback divider may improve
the transient response.

Synchronization

The R/SYNC pincan be used to synchronize the regulators
to an external clock source. Driving the Ry/SYNC resistor
with a clock source triggers the synchronization detection
circuitry. Once synchronization is detected, the rising edge
of SW1 will be synchronized to the rising edge of the
R1/SYNC pin signal. An AGC loop will adjust the internal
oscillators to maintain a 180 degree phase between SW1
and SW2, and also adjust slope compensation to avoid
subharmonic oscillation.

The synchronizing clock signal input to the LT3501 must
have a frequency between 250kHz and 1.5MHz, a duty
cycle between 20% and 80%, a low state below 0.5V and
a high state above 1.6V. Synchronization signals outside
of these parameters will cause erratic switching behavior.
The R/SYNC resistor should be set such that the free
running frequency ((Vrr/sync — VsyncLo)/Rrr/syne) is
approximately equal to the synchronization frequency. If
the synchronization signal is halted, the synchronization
detection circuitry will timeout in typically 10us at which

Ve

SYNCHRONIZATION
CIRCUITRY

PG1  Ry/SYNG CLK
3501 FO7
r LW lﬂ_lfIJ

T T

Vourt
LT3501

MA—

Figure 7. Synchronous Signal Powered from Regulator’s Output

time the LT3501 reverts to the free-running frequency
based on the current through Ry/SYNC. If the Ry/SYNC
resistor is held above 1.6V at any time, switching will be
disabled.

If the synchronization signal is not present during regula-
tor start-up (for example, the synchronization circuitry is
powered from the regulator output) the Rt/SYNC pin must
see an equivalent resistance to ground between 15.4k and
133k untilthe synchronization circuitry is active for proper
start-up operation.

Ifthe synchronization signal powers up inan undetermined
state (Vg(, Vou, Hi-Z), connect the synchronization clock
to the LT3501 as shown in Figure 7. The circuit as shown
will isolate the synchronization signal when the output
voltage is below 90% of the regulated output. The LT3501
will start-up with a switching frequency determined by the
resistor from the R1/SYNC pin to ground.

Ifthe synchronization signal powers upinalowimpedance
state (Vg ), connect a resistor between the R1/SYNC pin
and the synchronizing clock. The equivalent resistance
seen from the Ry/SYNC pin to ground will set the start-up
frequency.

3501fd
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Ifthe synchronization signal powers upinahighimpedance
state (Hi-Z), connect a resistor from the Ry/SYNC pin to
ground. The equivalent resistance seen from the R1/SYNC
pin to ground will set the start-up frequency.

If the synchronization signal changes between high and
lowimpedance states during power-up (Vg , Hi-Z), connect
the synchronization circuitry to the LT3501 as shown in
the Typical Applications section. This will allow the LT3501
to start-up with a switching frequency determined by the
equivalent resistance from the R1/SYNC pin to ground.

Shutdown and Undervoltage Lockout

Figure 8 shows how to add undervoltage lockout (UVLO)
to the LT3501. Typically, UVLO is used in situations where
the input supply is current limited, or has a relatively high
source resistance. A switching regulator draws constant
power from the source, SO source current increases as
source voltage drops. This looks like a negative resistance
load to the source and can cause the source to current limit
or latch low under low source voltage conditions. UVLO
prevents the regulator from operating at source voltages
where these problems might occur.

An internal comparator will force the part into shutdown
below the minimum V¢ of 2.8\, This feature can be
used to prevent excessive discharge of battery-operated
systems.

Since Vo supplies the output stage of channel 2 and is
not monitored, care must be taken to insure that Vs is
present before channel 2 is allowed to switch.

If an adjustable UVLO threshold is required, the SHDN
pin can be used. The threshold voltage of the SHDN
pin comparator is 1.28V. A 3pA internal current source

LT3501

ViNg
Ving > 2.8V

+
Ving OR Ving ¢3UA ¢7uA = 1.28v
A =

SHON INTERNAL

REGULATOR

——

C1 R2 3501 FO8

i

Figure 8. Undervoltage Lockout

defaults the open-pin conditionto be operating (see Typical
Performance Characteristics). Current hysteresisis added
above the SHDN threshold. This can be used to set voltage
hysteresis of the UVLO using the following:

-\
R1—H_ 1L
TuA
1.28
R2= V128
Rt M

Vy = Turn-on threshold
V| = Turn-off threshold

Example: switching should not start untilthe inputis above
4.75V and is to stop if the input falls below 3.75V.

Vi = 4.75V
V| =375V

_ 4.75-3.75
~ TuA

_ 1.28
~475-1.28

143k

Keep the connections from the resistors to the SHDN
pin short and make sure that the interplane or surface
capacitance to switching nodes is minimized. If high re-
sistor values are used, the SHDN pin should be bypassed
with a 1nF capacitor to prevent coupling problems from
the switch node.

R1 =143k

R2 =47k

+3uA

Soft-Start

The output of the LT3501 regulates to the lowest voltage
present at either the SS pin or an internal 0.8V reference.
A capacitor from the SS pin to ground is charged by an
internal 3.25pA current source resulting in a linear output
ramp from OV to the regulated output whose duration is
given by:

CSS 0.8V

tramp = 3,250

3501fd
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At power-up, a reset signal sets the soft-start latch and
discharges both SS pins to approximately OV to ensure
proper start-up. When both SS pins are fully discharged
the latch is reset and the internal 3.25pA current source
starts to charge the SS pin.

Whenthe SS pinvoltage is below 50mV, the V¢ pinis pulled
low which disables switching. This allows the SS pin to be
used as an individual shutdown for each channel.

As the SS pin voltage rises above 50m\, the V¢ pin is re-
leased and the output is regulated to the SS voltage. When
the SS pin voltage exceeds the internal 0.8V reference, the
output is regulated to the reference. The SS pin voltage
will continue to rise until it is clamped at 2V.

In the event of a Vjy1 undervoltage lockout, the SHDN
pin driven below 1.28V, or the internal die temperature
exceeding its maximum rating during normal operation, the
soft-start latch is set, triggering a start-up sequence.

Inaddition, ifthe load exceeds the maximum output switch
current, the output will start to drop causing the V¢ pin
clamp to be activated. As long as the V¢ pin is clamped,
the SS pin will be discharged. As a result, the output will
be regulated to the highest voltage that the maximum
output current can support. For example, if a 6V output
is loaded by 1Q the SS pin will drop to 0.53V, regulating
the output at 4V (4A « 1Q ). Once the overload condition
is removed, the output will soft-start from the temporary
voltage level to the normal regulation point.

Since the SS pin is clamped at 2V and has to discharge
to 0.8V before taking control of regulation, momentary
overload conditions will be tolerated without a soft-
start recovery. The typical time before the SS pin takes

control is:
CSS e1.2V
tssconTrOL) = T700uA

Power Good Indicators

The PG pin is the open-collector output of an internal
comparator. The comparator compares the FB pin voltage
t0 90% of the reference voltage with 30mV of hysteresis.
The PG pin has a sink capability of 800pA when the FB pin
is below the threshold and can withstand 25V when the

threshold is exceeded. The PG pinis active (sink capability
is reduced in shutdown and undervoltage lockout mode)
as long as the V,y1 pin voltage exceeds 1V.

Output Tracking/Sequencing

Complex output tracking and sequencing between chan-
nels can be implemented using the LT3501’s SS and PG
pins. Figure 9 shows several configurations for output
tracking/sequencing for a 3.3V and 1.8V application.

Independent soft-start for each channel is shown in
Figure 9a. The output ramp time for each channel is set
by the soft-start capacitor as described in the soft-start
section.

Ratiometrictracking isachieved in Figure 9b by connecting
both SS pins together. In this configuration, the SS pin
source current is doubled (6.5pA) which must be taken
into account when calculating the output rise time.

By connecting a feedback network from Vgt to the SS2
pin with the same ratio that sets Vgyto voltage, absolute
tracking showninFigure 9cisimplemented. The minimum
value of the top feedback resistor (R1) should be set such
that the SS pin can be driven all the way to ground with
700pAof sinkcurrentwhen Vot is atits regulated voltage.
In addition, a small V1o voltage offset will be present
due to the SS2 3.25pA source current. This offset can be
corrected for by slightly reducing the value of R2.

Figure 9d illustrates output sequencing. When Vqyty is
within 10% of its regulated voltage, PG1 releases the SS2
soft-start pinallowing Vyto to soft-start. In this case PG1
will be pulled up to 2V by the SS pin. If a greater voltage
is needed for PG1 logic, a pull-up resistor to Vgyry can
be used. This will decrease the soft-start ramp time and
increase tolerance to momentary shorts.

If precise output ramp up and down is required, drive the
SS pins as shown in Figure 9e. The minimum value of
resistor (R3) should be set such that the SS pin can be
driven all the way to ground with 700pA of sink current
during power-up and fault conditions.

Multiple Input Voltages

For applications requiring large inductors due to high Vi
to Vgyr ratios, a 2-stage step-down approach may reduce
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Independent Start-Up

Ratiometric Start-Up

Absolute Start-Up

: i Vourt I 1 Vourt i Vourt
Ve | 05V/DIV /1 | 0.5V/DIV | 05V/DIV
PG1 PG1
| | Vourz / | | Vour2 | Voure
1 0.5V/DIV AN ~1 05V/DIV | 0.5V/DIV
' : / PG2
/ fr i
lf.
5ms/DIV 10ms/DIV 10ms/DIV
- 0.1uF LT3501 - LT3501 - —_.__—0-2211F LT3501 -
= PG1 f—= PG1 —= = PG1 —=
52 Vout2 1.8V SS2 Vour2 1.8V §S2 Vour2 — 1.8V
0.224F
= e e o
- PG2 —= PG2 |—= PG2 |——
(9a) (9h) = (9c)
Output Sequencing Controlled Power Up and Down
. T Voum T _ i Vourt
' /‘ | : | 0.5V/DIV /{FW“—"“\ : | 0.5V/DIV
: : | : /i |
f i | PG1 | {
. i ! Voure / } | Voura
WA o =71 05VDIV 1 05V/DIV
: { : { !
| PG1
L ]Pez
10ms/DIV 10ms/DIV
R3
25k
S SS1 VouT1 T 3.3V SS1 VouTd 3.3V
0.1puF LT3501 EXTERNAL
- = ==y
= - SOURCE T 13501 pe | =
I I SS2 Vout2 - 1.8V §S2 Vout2 1.8V
= ?% =
= PG2 = PG2 ——
(9d) (9e)
Figure 9
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47F 1.2v

v T0 oy —1
4.7yF
= PMEG4005
- _ >r'\
T J
Vit Ving 26.7k
—] SHDN FSET —'wv—_|_
. d BST1 BST2 \ d
3.3H 0.47yF 0.47yF _ 1uH
SWi1 SW2
PMEG4005 i B360A i B360A
LT3501
v T IND1 IND2 v
Y Vourt Vour2 ¢ i
T

47uF %42.%

PG1
FB1

Vet

SS/TRACK1 SS/TRACK2
GND

t 100k 4K
L
PG2 -
FB2

Ve 8.06k

470pF

10pF

8.06k _L
_|_ 470pF |_
T

. -
__I___01uF

£ %32%110
pF
__L_OwF

e = 3501F10

Figure 10. 5V and 1.2V 2-Stage Step-Down Converter with Output Sequencing

inductor size by allowing an increase in frequency. A dual
step-down application (Figure 10) steps down the input
voltage (Vy1) to the highest output voltage then uses that
voltage to power the second output (Viy2). Vout1 must be
able to provide enough current for its output plus Voyto
maximum load. Note that the Vgyt1 must be above Vo
minimum input voltage (2V) when the second channel
starts to switch. Delaying channel 2 can be accomplished
by either independent soft-start capacitors or sequencing
with the PG1 output.

For example, assume a maximum input of 24V:

Vin =24V, Voyty =5V at 1.5A and Vo = 1.2V at 1.5A
Vout + Vb

Vin = Vsw + Vb

Frequency (Hz) <
tmingon)

| 5 (Vin=Vour) * Vour
B Vin * f

Single step-down:
1.2+0.6

24-0.4+0.6 _ —=392kHz

Frequency (Hz) < 190ns

(24-5)e5
24+392kHz

(24-1.2)%1.2
24 +392kHz

2-Stage Step-Down:

L1= >10uH

L2= >2 7uH

5+0.6

Frequency < W =1.2MHz

Max Frequency =1.2MHz

24-5)e5

1= (24-5)5 .0 0
24e1oMHz - oM
o= —(Z ‘: ;)VIH122 > 0.76uH
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73501 gy

GND

vy LT3501 gy

A

g

73501 sw | |
T

- ——

(11a)

(11h)

L

(11¢)

Figure 11. Subtracting the Current When the Switch Is On (11a) from the Current When the Switch is Off (11b) Reveals the Path of the
High Frequency Switching Current (11c). Keep This Loop Small. The Voltage on the SW and BST Traces Will Also Be Switched; Keep
These Traces as Short as Possible. Finally, Make Sure the Circuit Is Shielded with a Local Ground Plane

PCB Layout

Forproperoperationand minimum EMI, care must be taken
during printed circuit board (PCB) layout. Figure 11 shows
the high di/dt paths in the buck regulator circuit.

Note that large switched currents flow in the power switch,
the catch diode and the input capacitor. The loop formed
by these components should be as small as possible.
These components, along with the inductor and output
capacitor, should be placed on the same side of the circuit
board and their connections should be made on that layer.
Place a local, unbroken ground plane below these com-
ponents, and tie this ground plane to system ground at

one location, ideally at the ground terminal of the output
capacitor G2. Additionally, the SW and BST traces should
be kept as short as possible. The topside metal from the
DC964A demonstrationboardin Figure 12illustrates proper
component placement and trace routing.

Thermal Considerations

The PCB mustalso provide heat sinking to keep the LT3501
cool. The exposed metal on the bottom of the package
must be soldered to a ground plane. This ground should
be tied to other copper layers below with thermal vias;
these layers will spread the heat dissipated by the LT3501.

Figure 12. Topside PCB Layout DC964A
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Place additional vias near the catch diodes. Adding more
copper to the top and bottom layers and tying this copper
to the internal planes with vias can further reduce ther-
mal resistance. With these steps, the thermal resistance
from die (or junction) to ambient can be reduced to 6
= 45°C/W.

The power dissipation in the other power components
such as catch diodes, boost diodes and inductors, cause
additional copper heating and can further increase what
the IC sees as ambient temperature. See the LT1767 data
sheet’s Thermal Considerations section.

Single, Low Ripple 6A Output

The LT3501 can generate a single, low ripple 6A output
if the outputs of the two switching regulators are tied
together and share a single output capacitor. By tying the
two FB pins together and the two V¢ pins together, the
two channels will share the load current. There are several
advantagesto this 2-phase buck regulator. Ripple currents
attheinputand outputare reduced, reducing voltage ripple
and allowing the use of smaller, less expensive capacitors.
Although two inductors are required, each will be smaller
thantheinductor required forasingle-phase regulator. This
may be important when there are tight height restrictions
on the circuit.

There is one special consideration regarding the 2-phase
circuit. When the difference between the input voltage and
outputvoltageis lessthan 2.5V, thenthe boost circuits may
prevent the two channels from properly sharing current.
If, for example, channel 1 gets started first, it can supply
the load current, while channel 2 never switches enough
current to get its boost capacitor charged.

In this case, channel 1 will supply the load until it reaches
current limit, the output voltage drops, and channel 2 gets
started. Two solutions to this problem are shown in the
Typical Applications section.

Thesingle 3.3V/6A output converter generates aboost sup-
ply from either SW that will service both switch pins.

The synchronized 3.3V/12A output converter utilizes un-
dervoltage lockout to prevent the start-up condition.

Other Linear Technology Publications

Application notes AN19, AN35 and AN44 contain more
detailed descriptions and design information for buck
requlators and other switching regulators. The LT1376
data sheet has a more extensive discussion of output
ripple, loop compensation and stability testing. Design
Note DN100 shows how to generate a dual (+ and -)
output supply using a buck regulator.
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5V and 2.5V with Absolute Tracking

1\% ) d *
__L_4.7uF T |
= Ving Ving 26.7k
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330H  ——0.47yF 047uF_L 2.2H
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8.06k 10pF 240.2k 40.2k 10pF 8.06k
b3 | 0.1pF |
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1.25MHz Single 3.3V/6A Low Ripple Output

Vi 4.5V T0 6V — ¢
4.7yF f—
E
Ving Ving 205k
L{ SHDN Ry/SYNC AN
PMEGA4005* PMEGA005* =
C (
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| 178k _{
0.1pF =
L L I
3501 TAD3
“ADDITIONAL COMPONENTS ADDED TO SHOW THE BOOST VOLTAGE WHEN Vi <6V,
THIS IS REQUIRED TO ENSURE LOAD SHARING BETWEEN THE TWO CHANNELS.
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PACKAGE DESCRIPTION

Please refer to http://www.linear.com/designtools/packaging/ for the most recent package drawings.

FE Package
20-Lead Plastic TSSOP (4.4mm)
(Reference LTC DWG # 05-08-1663 Rev I)

Exposed Pad Variation CB
6.40 - 6.60"
3.86 (252 - .260)
(.152) 3.86
+_Ogbooooooooo o
— 20 [1918 17 16 15 14 1312| 11
o alilalalafalalalila
6.60+0.10 2@4
24 | e 1*‘{
4.50+0.10 T (-108) I | 6.40
SEE NOTE 4 y | + I (213;) (252)
0.45 0. 05 ' | BSC
v = @____ _____ i
v (Qooooo IJ]Q]I:II:IW\”*O10
065850 HEEBEHHEHEHHH v
RECOMMENDED SOLDER PAD LAYOUT 123456788910
1.20
4.30- 450 (047
“; (169-177) H‘ %E? MAX
| { A 0° -8 4 Al
\ 7\ AR A A AAY v v
A 0.65
0.09-0.20 050-0.75 L; T (.0256) e 0.05-0.15
(:0035 —.0079) (.020-.030) BSC (.002—.006)
M -~ FE20 (CB) TSSOP REV | 0211
(0077 - 0118)
TYP

NOTE:

1. CONTROLLING DIMENSION: MILLIMETERS ~ 4. RECOMMENDED MINIMUM PCB METAL SIZE
MILLIMETERS FOR EXPOSED PAD ATTACHMENT

2 DIMENSIONS ARE IN (INCHES) *DIMENSIONS DO NOT INCLUDE MOLD FLASH. MOLD FLASH

3 DRAWING NOT TO SCALE SHALL NOT EXCEED 0.150mm (.006") PER SIDE
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BEVISIOI'I HlSTO"“‘ (Revision history begins at Rev D)

REV | DATE |DESCRIPTION PAGE NUMBER
D 6/12 | Part Marking clarification 2
Solder pad clarification 28
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PART NUMBER DESCRIPTION COMMENTS
LT1766 60V, 1.2A (Iou), 200kHz High Efficiency Step-Down DC/DC | Viy: 5.5V to 60V, Vourquiny = 1.20V, I = 25mA, Isp = 254A,

Converter

16-Lead TSSOPE Package

71933 500mA (lgyr), 500kHz Step-Down Switching Regulator in Vin: 3.6V to 36V, Vouruiny = 1.2V, Ig = 1.6mA, Isp < 1pA,
SO0T-23 ThinSOT™ Package

LT1936 36V, 1.4A (lgyr), 500kHz High Efficiency Step-Down DC/DC | Vjy: 3.6V to 36V, Vourminy = 1.2V, Ig = 1.9mA, Igp < TuA,
Converter 8-Lead MS8E Package

LT1940 Dual 25V, 1.4A (lpyt), 1.1MHz High Efficiency Step-Down Vin: 3.6V to 25V, Voyrwviny = 1.20V, Ig = 3.8mA, Isp < 30pA,
DC/DC Converter 16-Lead TSSOPE Package

LT1976/LT1977 60V, 1.2A (Ioyr), 200kHz/500kHz High Efficiency Step-Down | Viy: 3.3V to 60V, Voyriny = 1.20V, Ig = 100pA, Isp < 1pA,

DC/DC Gonverters with Burst Mode® Operation

16-Lead TSSOPE Package

LTC=3407/LTC3407-2

Dual 600mA/800mA, 1.5MHz/2.25MHz Synchronous
Step-Down DG/DC Converters

Vin: 2.5V 10 5.5V, Vourwminy = 0.6V, Ig = 40A, Isp < 1A,
3mm x 3mm DFN and 10-Lead MSE Packages

LT3434/1T3435 60V, 2.4A (lgyr), 200kHz/500kHz High Efficiency Step-Down | Vjy: 3.3V to 60V, Vourgminy = 1.20Y, lg = 100pA, Isp < 1A,
DC/DC Converters with Burst Mode Operation 16-Lead TSSOPE Package

LT3437 60V, 400mA (loyt), Micropower Step-Down DG/DC Converter | Vyy: 3.3V to 60V, Vourgminy = 1.25Y, lg = 100pA, Isp < 1A,
with Burst Mode Operation DFN Package

LT3493 36V, 1.4A (lgur), 750kHz High Efficiency Step-Down DC/DC | Vyy: 3.6V to 36V, Vourminy = 0.8V, Ig = 1.9mA, Isp < 1A,
Converter DFN Package

LT3505 36V, 1.2A (Igyt), 3MHz High Efficiency Step-Down DC/DC Vin: 3.6V to 36Y, Vouriny = 0.78Y, Ig = 2mA, Isp < 2pA,
Converter 3mm x 3mm DFN and 8-Lead MSE Packages

LT3506/LT3506A Dual 25V, 1.6A (Igyr), 575kHz/1.1MHz High Efficiency Vin: 3.6V to 25V, Vouriny = 0.8V, lg = 3.8mA, Isp < 30pA,
Step-Down DC/DC Converters 4mm x 5mm DFN Package

LT3510 Dual 25V, 3A (lpyT), 1.5MHz High Efficiency Step-Down Vin: 3.3V to 25V, Voyrminy = 0.8V, lg = 3.5mA, Isp < 1pA,
DC/DC Converter 20-Lead TSSOPE Package

LTC3548 Dual 400mA/800mA, 2.25MHz Synchronous Step-Down Vin: 2.5V to 5.5V, Vouruiny = 0.6V, lg = 40pA, Isp < THA,

DC/DC Converters

3mm x 3mm DFN and 10-Lead MSE Packages
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