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TECHNOLOGY  pyal 4MHz, 3A Synchronous

Step-Down DC/DC Converter

FEATURES

High Efficiency: Up to 94%

Dual Qutputs with 2 x 3A Output Current Capability
Low Output Ripple Burst Mode® Operation: Ig = 130pA
2.25V to 5.5V Input Voltage Range

+1% Output Voltage Accuracy

Output Voltages Down to 0.6V

Programmable Slew Rate at Switch Pins

Low Dropout Operation: 100% Duty Cycle

Shutdown Current <1pA

Adjustable Switching Frequency Up to 4MHz

Internal or External Compensation

Selectable Pulse-Skipping/Forced Continuous/

Burst Mode Operation with Adjustable Burst Clamp
Optional Active Voltage Positioning (AVP) with
Internal Compensation

Selectable 0°/90°/180° (LTC3615) or selectable
140°/180° (LTC3615-1) Phase Shift Between Channels
Fixed Internal and Programmable External Soft-Start
Accurate Start-Up Tracking Capability

DDR Memory Mode lgyt = +1.5A

Available in 4mm x 4mm QFN-24 and TSSOP-24 Packages

APPLICATIONS

Point-of-Load Supplies
Distributed Power Supplies
Portable Computer Systems
DDR Memory Termination
Handheld Devices

DESCRIPTION

The LTC®3615/LTC3615-1 are dual 3A synchronous step-
downregulators usingacurrentmode, constant-frequency
architecture. The DC supply current is only 130pA (Burst
Mode operation at no-load) while maintaining the output
voltages, dropping to zero currentin shutdown. The 2.25V
to 5.5V input supply range makes the parts ideally suited
for single Li-lon applications. 100% duty cycle capability
provides low dropout operation, which extends operating
time in battery-operated systems.

The operating frequency is externally programmable up to
4MHz, allowing the use of small surface mount inductors.
0° 90° or 180° (LTC3615) or 140°/180° (LTC3615-1) of
phase shift between the two channels can be selected to
minimize input current ripple and output voltage rippleina
dual 3A or single 6A output configuration. Programmable
slew rate limiting reduces EMI, and external synchroniza-
tion can be applied up to 4MHz.

The internal synchronous switches increase efficiency
and eliminate the need for external catch diodes, saving
external components and board space.

The LTC3615/LTC3615-1 are offered in leadless 24-pin
4mm x 4mm QFN and thermally enhanced 24-pin TSSOP
packages.

Ay, LT, LTC, LTM, Linear Technology, Burst Mode and the Linear logo are registered trademarks
of Linear Technology Corporation. All other trademarks are the property of their respective
owners. Protected by U.S. Patents, including 5481178, 5994885, 6304066, 6498466, 6580258,
6611131.
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LTC3615/LTC3615-1
ABSOLUTE MAXIMUM RATINGS  (notes 1, 11)

PVini, PVin2 Voltages.................... -0.3Vto SV|y + 0.3V Operating Junction Temperature
SVIN VORAQE ... -0.3Vto 6V  Range (Notes 2, 11) ..crerncrrrneee. -55°C to 150°C
SW1 Voltage ......ccccoeevevererennnee, -0.3Vto (PVyq +0.3V)  Storage Temperature...........ccccoeevvvrvnnee. -65°C to 150°C
SW2 Voltage .......cccceveveverernenene, -0.3Vto (PViy2 + 0.3V)  Lead Soldering Temperature (€TSSOP)................. 300°C
PGOOD1, PGOOD2 Voltages .........ccccceveneee. -0.3Vto 6V  Reflow Peak Body Temperature (QFN).................. 260°C
All Other Pins.......ccovevevevevne. -0.3Vto (SViy + 0.3V)
TOP VIEW 5 TOP VIEW
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RySYNG [12] 73] PGoOD2 é e
FE PACKAGE - UF PACKAGE
24-LEAD PLASTIC eTSSOP 24-LEAD (4mm x 4mm) PLASTIC QFN
Tymax = 150°C, 6ya = 33°C/W Tymax = 150°C, 64p = 37°C/W
EXPOSED PAD (PIN 25) IS PGND, MUST BE SOLDERED TO PCB EXPOSED PAD (PIN 25) IS PGND, MUST BE SOLDERED TO PCB

ORDER INFORMATION

LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION TEMPERATURE RANGE
LTC3615EFE#PBF LTC3615EFE#TRPBF LTC3615FE 24-Lead Plastic TSSOP -40°C to 125°C
LTC3615IFE#PBF LTC3615IFE#TRPBF LTC3615FE 24-Lead Plastic TSSOP -40°C to 125°C
LTC3615HFE#PBF LTC3615HFE#TRPBF LTC3615FE 24-Lead Plastic TSSOP -40°C to 150°C
LTC3615MPFE#PBF LTC3615MPFE#TRPBF LTC3615FE 24-Lead Plastic TSSOP -55°C to 150°C
LTC3615EUF#PBF LTC3615EUF#TRPBF 3615 24-Lead (4mm x 4mm) Plastic QFN -40°C to 125°C
LTC3615IUF#PBF LTC3615IUF#TRPBF 3615 24-Lead (4mm x 4mm) Plastic QFN -40°C to 125°C
LTC3615HUF#PBF LTC3615HUF#TRPBF 3615 24-Lead (4mm x 4mm) Plastic QFN -40°C to 150°C
LTC3615MPUF#PBF LTC3615MPUF#TRPBF 3615 24-Lead (4mm x 4mm) Plastic QFN -55°C to 150°C
LTC3615EFE-1#PBF LTC3615EFE-1#TRPBF LTC3615FE-1 24-Lead Plastic TSSOP -40°C to 125°C
LTC3615IFE-1#PBF LTC3615IFE-1#TRPBF LTC3615FE-1 24-Lead Plastic TSSOP -40°C to 125°C
LTC3615HFE-1#PBF LTC3615HFE-1#TRPBF LTC3615FE-1 24-Lead Plastic TSSOP -40°C to 150°C
LTC3615MPFE-1#PBF LTC3615MPFE-1#TRPBF LTC3615FE-1 24-Lead Plastic TSSOP -55°C t0 150°C
LTC3615EUF-1#PBF LTC3615EUF-1#TRPBF 36151 24-Lead (4mm x 4mm) Plastic QFN -40°C to 125°C
LTC3615IUF-1#PBF LTC3615IUF-1#TRPBF 36151 24-Lead (4mm x 4mm) Plastic QFN -40°C to 125°C
LTC3615HUF-1#PBF LTC3615HUF-1#TRPBF 36151 24-Lead (4mm x 4mm) Plastic QFN -40°C to 150°C
LTC3615MPUF-1#PBF LTC3615MPUF-1#TRPBF 36151 24-Lead (4mm x 4mm) Plastic QFN -55°C to 150°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/
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LTC3615/LTC3615-1

GLGCTRKHL CHHBHCTGRISTICS The e denotes the specifications which apply over the specified operating

junction temperature range, otherwise specifications are at Ty = 25°C (Note 2), SV,y = PVinx = 3.3V, Ry = 178k, Rsgum = 40.2k, unless
otherwise specified.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
Vin Operating Voltage Range 2.25 5.5 V
VuviLo Undervoltage Lockout Threshold SViy Ramping Down 1.7 V
SViy Ramping Up 2.25 v
Vg Feedback Voltage Internal Reference | (Note 3) Vrack = SVin, VsrLm = OV
0°C<Ty<85°C 0.592 0.6 0.608 V
-40°C < Ty<125°C 0.590 0.610 v
-55°C < Ty < 150°C 0.588 0.612 v
Feedback Voltage External Reference | (Note 3) Vrrack = 0.3V, Vsrum = SVin 0.289 0.3 0.311 V
(Note 7) (Note 3) Virack = 0.5V, VsaLmt = SVin 0489 05 0511 v
Irp Feedback Input Current Ve = 0.6V 0 +30 nA
AV INEREG Line Regulation SVin = PVinx = 2.25V to 5.5V (Note 4) 0.2 %/V
AV 0ADREG Load Regulation Vihx from 0.5V to 0.9V (Note 4) 0.2 %
ViThx = SVin, VEgx = 0.6V (Note 5) 2 %
Is Active Mode Veg1 = 0.5V, Vvope = SVin, Vrunz = OV (Note 6) 1100 HA
VFBX =0.5Y, VMODE = SV|N, VRUNX = SV|N (Note 1900 HA
6)
Sleep Mode VEgt = 0.7V, VRunt = SVin, Vrune = 0V, 95 130 HA
Voo = 0V, Vitw1 = SVjy (Note 5)
Vegx = 0.7V, VRunt = SVin, Vrune = 0V, 145 220 HA
Vmope = 0V (Note 4)
Vegx = 0.7V, VRunx = SVin, Vmope =0V, 130 200 HA
Vithx = SV (Note 5)
Vegx = 0.7V, VRunx = SVin, Vmone =0V, 240 360 pA
Ity = (Note 4)
Shutdown SViy=PV)y=5.5V, VRUNX =0V 0.1 1 pA
Rps(on) Top Switch On-Resistance PVinx = 3.3V (Note 10) 75 mQ
Bottom Switch On-Resistance PVinx = 3.3V (Note 10) 55 mQ
ILm Top Switch Current Limit Sourcing (Note 8), Vrg = 0.5V
Duty Cycle <35% 45 6 7.5 A
Duty Cycle = 100% 3.6 A
Bottom Switch Current Limit Sinking (Note 8), Vig = 0.7V, -2.5 =35 -5 A
Forced Continuous Mode
lsw(LkG) Switch Leakage Current SVin = PV)y=5.5V, VRyny = OV 0.01 1 HA
Om(EA) Error Amplifier Transconductance —-5PA < Ity < 5pA 240 pmho
lea Error Amplifier Output Current (Note 4) +30 HA
tSOFT-START Internal Soft-Start Time Vegx from 0.06V to 0.54V, TRACK/SSx = SV 0.65 1.1 1.7 ms
Rois TRACK/SS Pull-Down Resistance at 200 Q
Start-Up
tpis Soft-Start Discharge Time at Start-Up 70 us
fosc Internal Oscillator Frequency Rr1/syne = 178k 1.85 2.25 2.65 MHz
VRT/5YNG = SV|N 1.8 2.25 2.7 MHz
fsyne Synchronization Frequency tLow, thigH > 30ns 0.4 4 MHz
VRT/SYNG SYNG Level High 1.2 V
SYNC Level Low 0.3 V
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LTC3615/LTC3615-1

GLGCTRKHL CHHBHCTGRISTICS The e denotes the specifications which apply over the specified operating

junction temperature range, otherwise specifications are at Ty = 25°C (Note 2), SViy = PVjnx = 3.3V, Ry = 178k, Rgp i = 40.2Kk, unless
otherwise specified.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
PSW1-SW2 Output Phase Shift Between SW1 VpHase < 0.15 ¢ SVy 0 Deg
and SW2 (LTC3615) 0.35 * SV} < Vpase < 0.65 ¢ SVjy 90 Deg
VPHASE >0.85SVy 180 Deg
Output Phase Shift Between SW1 VpHase < 0.65 ¢ SV 140 Deg
and SW2 (LTC3615-1) Verase > 0.85 « SV 180 Deg
VsRLm Voltage at SRLIM to Enable DDR (Note 9) SViy-0.3 v
Mode
VMopE Internal Burst Mode Operation 0.3 v
(Note 9) —
Pulse-Skipping Mode SViy-0.3 v
Forced Continuous Mode 1.1 SViye0.58 v
External Burst Mode Operation 0.5 0.85 V
PGOOD Power Good Voltage Windows TRACK/SSx = SV, Entering Window
Vrgx Ramping Up -35 -6 %
VEgx Ramping Down 3.5 6 %
TRACK/SSx = SV, Leaving Window
VEgx Ramping Up 9 11 %
Vrgx Ramping Down -9 -1 %
trgooD Power Good Blanking Time Entering/Leaving Window 70 105 140 Hs
Rpgoop Power Good Pull-Down On-Resistance || =10mA 8 12 30
VRun Enable Pin Input High 1 V
Input Low 0.4 v
Pull-Down Resistance 4 MQ

Note 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device
reliability and lifetime.
Note 2: The LTC3615/LTC3615-1 are tested under pulsed load conditions
such that Ty =~ Ta. The LTC3615E/LTC3615E-1 are guaranteed to meet
performance specifications over the 0°C to 85°C operating junction
temperature range. Specifications over the —40°C to 125°C operating
junction temperature range are assured by design, characterization and
correlation with statistical process controls. The LTC3615I/LTC3615I-1
are guaranteed to meet specifications over the —40°C to 125°C operating
junction temperature range. The LTC3615H/LTC3615H-1 are guaranteed
to meet specifications over the —40°C to 150°C operating temperature
range. The LTC3615MP/LTC3615MP-1 are tested and guaranteed to mest
specifications over the full -55°C to 150°C operating junction temperature
range. High junction temperatures degrade operating lifetime; operating
lifetime is derated for junction temperatures greater than 125°C. Note that
the maximum ambient temperature consistent with these specifications
is determined by specific operating conditions in conjunction with board
layout, the rated package thermal impedance and other environmental
factors. The junction temperature (T, in °C) is calculated from the ambient
temperature
(Ta, in °C) and power dissipation (Pp, in watts) according to the formula:
Ty=Ta+ (Pp*6yn)
where 8, (in °C/W) is the package thermal impedance.

Note 3: This parameter is tested in a feedback loop which servos Vg o to
the midpoint for the error amplifier (Viryy 2 = 0.75V).

Note 4: External compensation on ITH pin.

Note 5: Tying the ITH pin to SVy enables internal compensation and AVP
mode for the selected channel.

Note 6: Dynamic supply current is higher due to the internal gate charge
being delivered at the switching frequency.

Note 7: See description of the TRACK/SS pin in the Pin Functions section.
Note 8: When sourcing current, the average output current is defined

as flowing out of the SW pin. When sinking current, the average output
current is defined as flowing into the SW pin. Sinking mode requires the
use of forced continuous mode.

Note 9: See description of the MODE pin in the Pin Functions section.
Note 10: Guaranteed by design and correlation to wafer level
measurements for QFN packages.

Note 11: This IC includes overtemperature protection that is intended

to protect the device during momentary overload conditions. Junction
temperature will exceed 150°C when overtemperature protection is active.
Continuous operation above the specified maximum operating junction
temperature may impair device reliability or permanently damage the
device.
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LTC3615/LTC3615-1
TYPICAL PERFORMANCE CHARACTERISTICS v, =3.3v, Rr/SYNC = SVyy, unless otherwise noted.
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LTC3615/LTC3615-1

TYPICAL PERFORMANCE CHARACTERISTICS v, =3.3, Rr/SYNC = SVyy, unless otherwise noted.

VouT s

20mV/DIV

I
200mA/DIV

Vour
200mV/DIV

Vour
100mV/DIV

I
1ADIV

Forced Continuous Mode
Operation (FCM)

i

Vour = 1.8V 1ps/DIV
|0UT =100mA
Vmope = 1.8V

3615 G09

Load Step Transient in
FCM External Compensation

AN

Vour=1.8V
ILOAD =100mA TO 3A

Vmope = 1.5V
COMPENSATION FIGURE 1

3615G12

50ps/DIV

Load Step Transient in FCM

with AVP Mode
i A

(
\ ' |
Vour=1.8V 50ps/DIV se15615
ILoap = 100mA TO 3A
Vmope = 1.5V
Vity = 3.3V

OUTPUT CAPACITOR VALUE FIGURE 1

Pulse-Skipping Mode Operation

VOUT b s A
20mV/DIV [~ Y

IL
500mA/DIV

Vour=1.8V
louT = 75mA
Vmope = 3.3V

3615 G10

20us/DIV

Load Step Transient
in Pulse-Skipping Mode

VouT ... | ™
200mV/DIV \Val
I
1A/DIV | ‘ I
Vour=1.8V 50ps/DIV soro 618
|LOAD =100mA 7O 3A
Vmope = 3.3V

0D
COMPENSATION FIGURE 1

Load Step Transient in Forced
Continuous Mode Sourcing and
Sinking Current

Vour| | | @'\:

200mV/DIV

I ¥ | A A
2A/DIV OA F====-- Y e St SRR DU W e

3615G16

Vour=1.8V 50ps/DIV
ILoap =-1.5A TO 3A

Vmope = 1.5V
COMPENSATION FIGURE 1

Burst Mode Operation

VouT [ e
20mV/DIV NN

IL - YR | O A R I 111
500mA/DIV )

3615 G11

Vour=18V  20us/DIV

loyT = 75mA
Vmopg = 0V

Load Step Transient in
Burst Mode Operation

Vout || | LT
200mV/DIV T

BV AR Ll
T l [T
Vour=18V  50ps/DIV s
|LOAD =100mA TO 3A
VmopE = 0V

COMPENSATION FIGURE 1

Internal Start-Up in Forced
Continuous Mode

RUN
1VDIV |,

yd

Vour
500mV/DIV

I
1ADIV
PGOOD
2V/DIV

3615G17

Vour=1.8V
lout = 3A
Vmope = 1.5V

500us/DIV

3615fb

For more information www.linear.com/LTC3615

LY N



LTC3615/LTC3615-1

TYPICAL PERFORMANCE CHARACTERISTICS v, =3.3v, Ry/SYNC = SVyy, unless otherwise noted.
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LTC3615/LTC3615-1
TYPICAL PERFORMANCE CHARACTERISTICS v, =3.3, Rr/SYNC = SVyy, unless otherwise noted.
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LTC3615/LTC3615-1

PIN FUNCTIONS (tur)

PHASE (Pin 1/Pin 4): Phase Shift Selection. If pin is tied
to SGND, the phase between SW1 and SW2 will be 0°
(LTC3615) or 140° (LTC3615-1). With the PHASE pin
tied to half of the SVy voltage, 90° (LTC3615) or 140°
(LTC3615-1) of phase shift will be selected. Tying PHASE
to SV will select 180° (LTC3615 and LTC3615-1).

VEg2 (Pin 2/Pin 5): Voltage Feedback Input Pin for Chan-
nel 2. See Vep1.

ITH2 (Pin 3/Pin 6): Error Amplifier Compensation of
Channel 2. See ITH1.

TRACK/SS2 (Pin 4 /Pin 7): Internal, External Soft-Start,
External Reference Input for Channel 2. See TRACK/SS1.

SGND (Pin 5/Pin 8): Signal Ground. All small-signal and
compensation components should connectto this ground
pin which, in turn, should be connected to PGND at one
point.

PVin2 (Pins 6, 7/Pins 9, 10) Channel 2 Power Supply
Input. See PV 1.

SW2 (Pins 8, 9/Pins 11, 12): Channel 2 Switching Node.
See SW1.

RUN2 (Pin10/Pin 13): Enable Pinfor Channel 2. See RUN1.

RUNT (Pin 11/Pin 14): Enable Pin for Channel 1. Forcing
RUNT1 abovetheinputthreshold enables the output SW1 of
channel 1. Forcing both RUNX pins to ground shuts down
the LTC3615. In shutdown, all functions are disabled and
the LTC3615 draws <1pA of supply current.

Rt/SYNC (Pin 12/Pin 15): Oscillator Frequency. This pin
provides three modes of setting the switching frequency.

1. Connecting a resistor from Ry/SYNC to ground will set
the switching frequency based on the resistor value.

2. Driving R7/SYNC with an external clock signal will
synchronize the switcher to the applied frequency. The
slope compensation is automatically adapted to the
external clock frequency.

3. Tying this pin to SV,y enables the internal 2.25MHz
oscillator frequency.

PGOOD2 (Pin 13/Pin 16): Power Good Output for
Channel 2. See PGOOD1.

SRLIM (Pin 14 /Pin 17): Slew Rate Limit. Slew rate on the
switch pins is programmed with the SRLIM pin:

1. Tying this pin to SGND selects maximum slew rate.
2. Minimum slew rate is selected when the pin is open.

3. Connecting a resistor from SRLIM to SGND allows the
slew rate to be continuously adjusted.

4. If SRLIM is tied to SV the slew rate is set to maxi-
mum and DDR mode is enabled (see the Applications
Information section).

PGOOD1 (Pin 15/Pin 18): Power Good Output Pin for
Channel 1. The open-drain output will be pulled down to
ground when the FB1 voltage of the channel is not within
the power good voltage window. The PGOOD1 will also be
pulled down if the channel is not enabled with the RUN1
pin or an undervoltage at SV, is detected. In DDR mode
(SRLIM=S8V)y),the powergood window movesin relation
to the actual TRACK/SS pin voltage.

SW1 (Pins 17, 16/Pins 19, 20): Channel 1 Switching
Node. Connection to the external inductor. This pin con-
nects to the drains of the internal synchronous power
MOSFET switches.

PV\n1 (Pins 18, 19/Pins 21, 22): Channel 1 Power Supply
Inputs. These pins connect to the source of the internal
power P-channel MOSFET of channel 1. Pyjy1 and Py
are independent of each other. They may connect to equal
or lower supplies than Syjy.

SVy (Pin 20/Pin 23) Signal Input Supply. This pin pow-
ers the internal control circuitry and is monitored by the
undervoltage lockout comparator.

TRACK/SS1 (Pin 21/Pin 24): Internal, External Soft-Start,
External Reference Inputfor Channel 1. The type of start-up

3615fb
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LTC3615/LTC3615-1

PIN FUNCTIONS (rtur

behavior for channel 1 is programmable with the TRACK/
SS1 pin:

1. Internal soft-start with a fixed timing can be programmed
by tying TRACK/SST1 to SVy.

2. External soft-start can be programmed with the timing
set by a capacitor to ground and a resistor to SVyy.

3. Tracking the start-up behavior of another supply is
programmable (see the Applications Information
section).

4. The pin can be used as external reference input.

ITH1 (Pin 22/Pin 1): Error Amplifier Compensation. Con-
nection for external compensation from ITH to SGND.
The current comparator’s threshold increases with this
control voltage. Tying this pin to SV, enables AVP mode
with internal compensation.

Veg1 (Pin 23/Pin 2): Voltage Feedback Input Pin for
Channel 1. Receives the feedback voltage for channel 1
from the external resistive divider across the output.

MODE (Pin 24/Pin 3): Mode Selection.

1. Tying the MODE pin to SV or SGND enables pulse-
skipping mode or Burst Mode operation (withaninternal
Burst Mode clamp), respectively.

2. If this pin is held at slightly higher than half of SV,
forced continuous mode will be selected.

3. Connecting this pin to an external voltage will select
Burst Mode operation with the burst clamp set to the
pin voltage.

PGND (Exposed Pad Pin 25/ Exposed Pad Pin 25): Power
Ground. The exposed pad connects to the sources of the
power N-channel MOSFETs. The PGND pin is common
for both channels. The exposed pad must be soldered
to the PCB.

For electrical connection and rated thermal performance,
refer to the Operation and Applications Information sec-
tions for more information.

3615fb
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FUNCTIONAL BLOCK DIRGRAM
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LTC3615/LTC3615-1

OPERATION

Main Control Loop

The LTC3615 is a dual monolithic step-down DC/DC
converter featuring current-mode, constant-frequency
operation. Both channels are identical and share common
clockand reference circuits toimprove channel-to-channel
matching.

During normal operation, the internal top power switch
(P-channel MOSFET) of each channel is turned on at
the beginning of its clock cycle. Gurrent in the inductor
increases until the current comparator trips and turns
off the top power MOSFET. The peak inductor current at
which the current comparator shuts off is controlled by
the voltage on the ITH pin. The error amplifier adjusts the
voltage on the ITH pin by comparing the feedback signals
derived from an external resistor divider on the Vggy pin
with an internal 0.6V reference. When the load current
increases, it causes a reduction in the feedback voltage
relative to the reference. The error amplifier raises the ITH
voltage untilthe average inductor current matches the new
load current. Typical voltage range for the ITH pin is from
0.45Vto 1.05V with 0.45V corresponding to zero current.

When the top power MOSFET shuts off, the synchronous
power switch (N-channel MOSFET) turns on until either
the current limit is reached or the next clock cycle begins.
The bottom current limit is typically set at —4A for forced
continuous mode and OA for Burst Mode operation and
pulse-skipping mode.

The operating frequency defaults to 2.25MHz when
R1/SYNC is connected to SVy, or can be set by an ex-
ternal resistor connected between the Ry/SYNC pin and
ground, or by a clock signal applied to the Ry/SYNC pin.
The switching frequency can be set from 400kHz to 4MHz
(see the Applications Information section).

Overvoltage and undervoltage comparators pullthe PGOOD
output low if the output voltage varies more than +7.5%
from the set point.

MODE SELECTION

The MODE pin is used to select one of four different
operating modes for both channels together (see Figures
1 and 3):

SVin &

SVy-03v ¥
SViNe0.58 &

PS | PULSE-SKIPPING MODE ENABLE

FC | FORCED CONTINUOUS MODE ENABLE

11vy
0.8V 7}

gm | Burst Mode ENABLE—EXTERNAL CLAMPR
CONTROLLED BY VOLTAGE APPLIED AT

EXT

0.5V MODE PIN

0.3V %
SGND +—

BM | Burst Mode ENABLE—INTERNAL CLAMP

3615 FO1

Figure 1. Mode Selection Voltage

Burst Mode Operation—Internal Clamp

Connecting the MODE pin to the SGND pin enables Burst
Mode operation with its peak current set internally. In
Burst Mode operation the internal power MOSFETs operate
intermittently at light loads. This increases efficiency by
minimizing switching losses. During the intervals whenthe
MOSFETSs are not switching, the LTC3615 enters a sleep
state where many of the internal circuits are disabled to
save power. During Burst Mode operation, the ITH volt-
age is monitored by the burst comparator to determine
when the sleep state is entered or exited again. When the
average inductor current is greater than the load current,
the voltage on the ITH pin drops. As the ITH voltage falls
below the internal threshold, the LTC3615 enters the sleep
state. In the sleep state, the power MOSFETs are held
off and the load current is solely supplied by the output
capacitor. When the output voltage drops, the top power
MOSFET is switched back on and the internal circuits are
reenabled. This process repeats at a rate that is dependent
on the load current.

3615fb
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OPERATION

Burst Mode Operation—External Clamp

Connecting the MODE pin to a voltage in the range of 0.5V
t0 0.8V enables Burst Mode operation with external clamp.
During this mode of operation, the minimum voltage on
the ITH pin is externally set by the voltage on the MODE
pin. Itis recommended to use Burst Mode operation with
the internal clamp for ambient temperatures above 85°C.

Pulse-Skipping Mode Operation

Pulse-skipping mode is similar to Burst Mode operation,
but the LTC3615 does not disable power to the internal
circuitry during sleep mode. This improves output voltage
ripple but uses more quiescent current compromising
light load efficiency.

Connecting the MODE pin to SV enables pulse-skipping
mode. As the load current decreases, the peak inductor
current will be determined by the voltage on the ITH pin
until the ITH voltage drops below 450mV, corresponding
to OA. At this point switching cycles will be skipped to
keep the output voltage in regulation.

LTC3615

Vin SVin

+

MODE

SGND

2a. Burst Mode Operation
Internally Controlled

T

ov T SGND

LTC3615
SVin

MODE

2c¢. Pulse-Skipping Mode

Vi

Forced Continuous Mode Operation

In forced continuous mode the inductor current is con-
stantly cycled which creates a minimum output voltage
ripple at all output current levels.

Connecting the MODE pin, to a voltage in the range of
1.1Vto SV *0.58 will select the forced continuous mode
operation.

The forced continuous mode must be used if the output
is required to sink current.

Dropout Operation

Astheinputsupply voltage approachesthe output voltage,
the duty cycle increases toward the maximum on-time.
Further reduction of the supply voltage forces the main
switch to remain on for more than one cycle, eventually
reaching 100% duty cycle. The output voltage will then be
determined by the input voltage minus the voltage drop
across the internal P-channel MOSFET and the inductor.

LTC3615
SViN SW1 VouTi
Rmi
MODE

SGND

FB1

|||—0

2h. Burst Mode Operation
Externally Controlled

LTC3615
SVin

MODE

ov SGND

= 3615 F02

2d. Forced Continuous Mode

Figure 2. Modes of Operation
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LTC3615/LTC3615-1

OPERATION

Low Supply Operation

The LTC3615is designedto operate downtoaninputsupply
voltage of 2.25V. An important consideration at low input
supply voltages is that the Rpg(on) of the P-channel and
N-channel power switches increases by 50% compared to
9V. The user should calculate the power dissipation when
the LTC3615 is used at 100% duty cycle with low input
voltages to ensure that thermal limits are not exceeded.

Slope Compensation and Inductor Peak Current

Slope compensation provides stability in current mode
constant-frequency architectures by preventing subhar-
monic oscillations at duty cycles greater than 50%. The
LTC3615 implements slope compensation by adding a
compensation ramp to the inductor current signal.

Short-Circuit Protection

The peakinductor currentat whichthe current comparator
shuts off the top power switch is controlled by the voltage
on the ITH pin.

If the output current increases, the error amplifier raises
the ITH pin voltage until the average inductor current
matches the new load current. In normal operation, the
LTC3615 clamps the maximum ITH pin voltage at ap-

proximately 1.05V which corresponds to about 5A peak
inductor current.

Whenthe outputis shorted to ground, the inductor current
decays very slowly during a single switching cycle. The
LTC3615 uses two techniques to prevent current runaway
from occurring:

1. If the output voltage drops below 50% of its nominal
value, the clamp voltage at pin ITH is lowered, causing
the maximum peak inductor current to lower gradu-
ally with the output voltage. When the output voltage
reaches 0V, the clamp voltage at the ITH pin drops to
40% of the clamp voltage during normal operation. The
short-circuit peak inductor currentis determined by the
minimum on-time of the LTC3615, the input voltage
and the inductor value. This foldback behavior helps
in limiting the peak inductor current when the output
is shorted to ground. It is disabled during internal or
external soft-startand tracking up/down operation (see
the Applications Information section).

2. Ifthe inductor current of the bottom MOSFET increases
beyond 6A typical, the top power MOSFET will be held
off and switching cycles will be skipped until the induc-
tor current reduces.

3615fb
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APPLICATIONS INFORMATION

Operating Frequency

Selection of the operating frequency is a trade-off between
efficiency and component size. High frequency operation
allows the use of smaller inductor and capacitor values.

Operation at lower frequencies improves efficiency by
reducing internal gate charge losses but requires larger
inductance values and/or capacitance to maintain low
output ripple voltage.

The operating frequency of the LTC3615 is determined
by an external resistor that is connected between pin Rt/
SYNC and ground. The value of the resistor sets the ramp
current that is used to charge and discharge an internal
timing capacitor withinthe oscillatorand can be calculated
by using the following equation:

_ 4+10'1QHz

;
fosc

Although frequencies as high as 4MHz are possible, the
minimum on-time of the LTC3615 imposes a minimum
limit on the operating duty cycle. The minimum on-time

is typically 60ns, therefore, the minimum duty cycle is
equal to 60ns * 100% e fpsc(Hz)

Tying the Ry/SYNC pin to SVy sets the default internal
operating frequency to 2.25MHz £20%.

Frequency Synchronization

The LTC3615’s internal oscillator can be synchronized to
an external frequency by applying a square wave clock
signal to the Ry/SYNC pin. During synchronization, the
top MOSFET turn-on of channel 1 is locked to the rising
edge of the external frequency source. The synchronization
frequency range is 400kHz to 4MHz. The internal slope
compensation is automatically adapted to the external
clock frequency.

In the signal path from the R1/SYNC clock input to the
SW output, the LTC3615 is processing the external clock
frequency through an internal PLL.

After detecting an external clock on the first rising edge
of Ry/SYNC the PLL starts up with the internal default of
2.25MHz. The internal PLL then requires a certain number

Vi
3.3V

Py Py Py o Py Py

I 1 1 T 1 l
47uF 47yuF 1uF
I I I SVIN (2%) PVing (2X) PVing | 9 47,H
- - - RUN1 (2x) SW1
Rss
47M
TRACK/SS1 FB1
—L g5 — PGOOD1
L 10F * ITH1
€1 LTC3615  MODE
R¢ __L_mpF
15k = Ry, 200k
Co J_—’VW— RT/SYNC
—T_1000pF = Rspum (2x) SW2
= 40.2k
J_—‘VW— SRLIM
— PHASE
= L FB2
+—| RUN2
L] tracksss2
—] PGOOD2
ITH2 SGND  PGND

I l 3615 FO3

Figure 3. Soft-Start and Compensation for Channel 1 Externally Programmed,

Soft-Start and Compensation for Channel 2 Internally Programmed
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APPLICATIONS INFORMATION
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LTC3615
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3615 F04
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Figure 4. Setting the Switching Frequency

of periods to settle until the frequency at SW matches the
frequency and phase of Ry/SYNC.

When the external clock signal is removed, the LTC3615
needs approximately 5us to detect the absence of the
external clock. During this time, the PLL will continue to
provide clock cycles before it is switched back to the de-
fault frequency or selected frequency (set via the external
Rt resistor).

A safe way of driving the Ry/SYNC input is with an AC
coupling to the clock generator via a 15pF capacitor. The
AC coupling avoids complications if the external clock
generator cannot provide a continuous clock signal at the
time of start-up, operation and shut down of the LTC3615.

In general, any abrupt clock frequency change of the
regulator will have an effect on the SW pin timing and
may cause equally sudden output voltage changes. This
must be taken into account in particular if the external
clock frequency is significantly different from the internal
default of 2.25MHz.

Phase Selection

Channel 2 of the LTC3615 will operate in-phase, 180°
out-of-phase (anti-phase) or shifted by 90° from chan-
nel 1 depending on the state of the PHASE pin—low,
midrail and high, respectively. Channel 2 of LTC3615-1
will operate 180° out-of-phase (anti-phase) with PHASE
pin high or shifted by 140° with PHASE midrail or low.
Antiphase generally reduces input voltage and current
ripple. Crosstalk between switch nodes SW1, SW2 and
components or sensitive lines connected to FBx, ITHx, Ry/
SYNC or SRLIM can cause unstable switching waveforms
and unexpectedly large input and output voltage ripple.

The situation improves if rising and falling edges of the
switchnodes are timed carefully notto coincide. Depending

on the duty cycle of the two channels, choose the phase
difference between the channels to keep edges as far away
from each other as possible.

For example, for duty cycles of less than 40% for one
channel and more than 60% for the other channel, the
SW node edges will not coincide for 0° or 180° phase
shifts. If both channels have a duty cycle of around 50%,
a 90° phase difference would be a better choice. In cases
where the duty cycles are ~25% and ~50%, a 140° phase
shift (LTC3615-1 only) is preferable to the other phase
selections.

Inductor Selection

For a given input and output voltage, the inductor value
and operating frequency determine the ripple current. The
ripple current Al increases with higher Vy and decreases
with higher inductance.

Al = (7\/0”1- )‘(1—
fsw *L

Having a lower ripple current reduces the core losses
in the inductor, the ESR losses in the output capacitors
and the output voltage ripple. A reasonable starting point
for selecting the ripple current is Al = 0.3(loyr(max))-
The largest ripple current occurs at the highest V. To
guarantee that the ripple current stays below a specified

maximum, the inductor value should be chosenaccording
to the following equation:

|- Vout .
fow * Al max)

The inductor value will also have an effect on Burst Mode
operation. The transition to low current operation begins

3615fb
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APPLICATIONS INFORMATION

when the peak inductor current falls below a level set by
the burst clamp. Lower inductor values result in higher
ripple current which causes this to occur at lower DC
load currents. This causes a dip in efficiency in the upper
range of low current operation. In Burst Mode operation,
lower inductance values will cause the burst frequency
to increase.

Inductor Core Selection

Once the value for L is known, the type of inductor must
be selected. Actual core loss is independent of core size
for fixed inductor value, but it is very dependent on the
inductance selected. As the inductance increases, core
losses decrease. Unfortunately, increased inductance
requires more turns of wire, and therefore, copper losses
will increase.

Ferrite designs have very low core losses and are pre-
ferred at high switching frequencies, so design goals
can concentrate on copper loss and preventing satura-
tion. Ferrite core material saturates hard, which means
that inductance collapses abruptly when the peak design
current is exceeded. This results in an abrupt increase in
inductor ripple current and consequent output voltage
ripple. Do not allow a ferrite core to saturate and select
external inductors respecting the temperature range of
the application!

Different core materials and shapes will change the size/
current and price/current relationship of an inductor.
Toroid or shielded pot cores in ferrite or permalloy materials
are small and do not radiate much energy, but generally
cost more than powdered iron core inductors with similar
characteristics. The choice of which style inductor to use
mainly depends on the price versus sSize requirements
and any radiated field/EMI requirements. Table 1 shows
some typical surface mount inductors that work well in
LTC3615 applications.

Input Capacitor Cyy Selection

In continuous mode, the source current of the top P-
channel MOSFET is a square wave of duty cycle Voyt/Vn.
To prevent large voltage transients, a low ESR capacitor
sized for the maximum RMS current must be used for Cyy.

The maximum RMS capacitor current is given by:

lrms =loutmax) Your , (M -1
Vin Vour

This formula has a maximum at Vy = 2Vgyt, where lgys =
lout/2. This simple worst-case conditionis commonly used
for design because even significant deviations do not offer
much relief. Note that ripple current ratings from capacitor
manufacturers are often based on only 2000 hours of life
which makes it advisable to further derate the capacitor,
or choose a capacitor rated at a higher temperature than
required. Generally select the capacitors respecting the
temperature range of the application! Several capacitors
may also be paralleled to meet size or height requirements
in the design.

Table 1. Representative Surface Mount Inductors

INDUCTANCE | DCR MAX DIMENSIONS HEIGHT

(1H) (mQ) | CURRENT (A) (mm) (mm)
Vishay IHLP-2020BZ-01

0.33 7.6 25 5.18 x 5.49 2

0.47 8.9 21 518 x5.49 2

0.68 11.2 15 518 x5.49 2

1 18.9 16 518 x 5.49 2

Toko DE3518C Series

022 | 8 | 43x4.7 2
Sumida CDMC6D28 Series

0.3 3.2 154 6.7 x7.25 3

0.47 4.2 13.6 6.7 x7.25 3

0.68 5.4 11.3 6.7 x 7.25 3

1 8.8 8.8 6.7 x7.25 3

NEC/Tokin MPLCO730L Series

0.47 45 16.6 6.9x77 3.0

0.75 7.5 12.2 6.9x7.7 3.0

1.0 9.0 10.6 6.9x7.7 3.0
Coilcraft DO1813H Series

0.33 4 10 8.9x6.1 5

0.56 10 7.7 8.9 x6.1 5
Coilcraft SLC7530 Series

0.27 0.1 14 75x6.7 3

0.35 0.1 11 75x6.7 3

0.4 0.1 8 7.5x6.7 3
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APPLICATIONS INFORMATION

Output Capacitor Coyt Selection

The selection of Coyr is typically driven by the required
ESR to minimize voltage ripple and load step transients
(low-ESR ceramic capacitors are discussed in the next
section). Typically, once the ESR requirement is satisfied,
the capacitance is adequate for filtering. The output ripple
AVgyrt is determined by:

’
AV i+ <Al |ESR+ —
ouT = ( +8°fSW'COUT)

where fg\y = operating frequency, Coyt=0utput capacitance
and Al = ripple current in the inductor. The output ripple
is highest at maximum input voltage since Al increases
with input voltage.

In surface mount applications, multiple capacitors may
have to be paralleled to meet the capacitance, ESR or RMS
current handling requirement of the application. Aluminum
electrolytic, special polymer, ceramic and dry tantalum
capacitors are all available in surface mount packages.

Tantalum capacitors have the highest capacitance density,
but can have higher ESR and must be surge tested for
use in switching power supplies. Aluminum electrolytic
capacitors have significantly higher ESR, but can often
be used in extremely cost-sensitive applications provided
that consideration is given to ripple current ratings and
long term reliability.

Ceramic Input and Output Capacitors

Ceramic capacitors have the lowest ESR and can be cost
effective, but also have the lowest capacitance density,
high voltage and temperature coefficients, and exhibit
audible piezoelectric effects. In addition, the high-Q of
ceramic capacitors along with trace inductance can lead
to significant ringing.

Capacitors are tempting for switching regulator use
because of their very low ESR. Great care must be taken
when using only ceramic input and output capacitors.

Ceramic caps are prone to temperature effects which re-
quirethe designertocheckloop stability overthe operating
temperature range. To minimize their large temperature
and voltage coefficients, only X5R or X7R ceramic capaci-
tors should be used.

When a ceramic capacitor is used at the input, and the
power is being supplied through long wires, such as from
awall adapter, a load step at the output can induce ringing
atthe Vy pin. At best, this ringing can couple to the output
and be mistaken as loop instability. At worst, the ringing
at the input can be large enough to damage the part.

Since the ESR of a ceramic capacitor is so low, the input
and output capacitor must instead fulfill a charge storage
requirement. Duringaload step, the output capacitor must
instantaneously supply the current to support the load
until the feedback loop raises the switch current enough
to support the load. The time required for the feedback
loop to respond is dependent on the compensation com-
ponents and the output capacitor size. Typically, three to
four cycles are required to respond to a load step, but
only in the first cycle does the output drop linearly. The
output droop, Vproop, is usually about two to three times
the linear drop of the first cycle. Thus, a good place to
start is with the output capacitor size of approximately:

2-5.A|OUT

Cout =
fsw * Vbroop

More capacitance may be required depending on the duty
cycleandload step requirements. In mostapplications, the
input capacitoris merely required to supply high frequency
bypassing, since the impedance to the supply is very low.

3615fb
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APPLICATIONS INFORMATION

Output Voltage Programming

The output voltages are set by external resistive dividers.
For example, Voyro can be set according to the following
equation:

R5
V, =06Ve|1+—
ouT?2 ( +R4)

The resistive divider allows pin Vrg to sense a fraction of
the output voltage as shown in Figure 3.

Burst Clamp Programming

If the voltage on the MODE pin is less than 0.8V, Burst
Mode operation is enabled. If the voltage on the MODE pin
is less than 0.3V, the internal default burst clamp level is
selected. The minimum voltage on the ITH pin is typically
525mV (internal clamp).

If the voltage is between 0.45V and 0.8V, the voltage on
the MODE pin (VgyrsT) is equal to the minimum voltage
on the ITH pin (external clamp) and determines the burst
clamp level Igyrst (typically from 1A to 3.5A).

When the ITH voltage falls below the internal (or external)
clamp voltage, the sleep state is entered. As the output
load current drops, the peak inductor current decreases
to keep the output voltage in regulation. When the output
load current demands a peak inductor current that is less
than Igygrst, the burst clamp will force the peak inductor
current to remain equal to Igyrst regardless of further
reductions in the load current.

Since the average inductor current is greater than the
output load current, the voltage on the ITH pin will
decrease. When the ITH voltage drops, sleep mode is
enabled in which both power switches are shut off along
with most of the circuitry to minimize power consumption.
All circuitry is turned back on and the power switches
resume operation when the output voltage drops out of
regulation. The value for Igyrst IS determined by the
desired amount of output voltage ripple. As the value of
IgyrsT increases, the sleep period between pulses and
the output voltage ripple increase. It is recommend to
use Burst Mode operation with internal clamp for tem-
peratures above 85°C ambient.

Pulse-Skipping Mode

Pulse-skipping mode, whichisacompromise between low
output voltage ripple and efficiency, can be implemented
by connecting the MODE pin to SV|y. This sets IgyprsT 10
0A. In this condition, the peak inductor current is limited
by the minimum on-time of the current comparator. The
lowest outputvoltage rippleisachieved while still operating
discontinuously. During very light output loads, pulse-
skipping allows only a few switching cycles to skip while
maintaining the output voltage in regulation.

Internal and External Compensation

The regulator loop response can be checked by looking at
the load current transient response. Switching regulators
take several cycles to respondto a step in DC load current.
When a load step occurs, like the one shown in Figure 5,
Vour shifts by an amount equal to Al gap ® ESR, where
ESR is the effective series resistance of Coyt. AlLoap
also begins to charge or discharge Coyr, generating the
feedback error signal that forces the regulator to adapt
to the current change and return Voyt to its steady-state
value. During this recovery time, Vgyt can be monitored
for excessive overshoot or ringing, which would indicate
a stability problem. The availability of the ITH pin allows
the transient response to be optimized over a wide range
of output capacitance.

The ITH1 external components (15k and 100pF) shown
in Figure 3 will provide an adequate compensation as
well as a starting point for most applications. The values
can be modified slightly to optimize transient response
once the final PCB layout is complete and the particular
output capacitor type and value have been determined.
The output capacitors need to be selected because the
various types and values determine the loop gain and
phase. The gain of the loop will be increased by increas-
ing Rg and the bandwidth of the loop will be increased
by decreasing Cg. If Rg is increased by the same factor
that C¢ is decreased, the zero frequency will be kept the
same, thereby keeping the phase shift the same in the
most critical frequency range of the feedback loop. The
output voltage settling behavior is related to the stabil-
ity of the closed-loop system. The external compensa-
tion, forced continuous operation circuit in the Typical
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Applications section uses faster compensationtoimprove
load step response.

A second, more severe transient is caused by switching
in loads with large (>1pF) supply bypass capacitors. The
discharged bypass capacitors are effectively putin parallel
with Gqy, causing a rapid drop in Vqyt. No regulator can
alter its delivery of current quickly enough to prevent this
sudden step change in output voltage if the load switch
resistance is low and it is driven quickly. More output
capacitance may be required depending on the duty cycle
and load step requirements.

If the ITH pin is tied to SV, the active voltage positioning
(AVP) mode and the internal compensation is selected.

In AVP mode, the load regulation performance is inten-
tionally reduced, setting the output voltage at a point that
is dependent on the load current. When the load current
suddenly increases, the output voltage starts fromalevel
slightly higher than nominal so the output voltage can
droop more and stay within the specified voltage range.

vour [T A . f\

200mV/DIV \Vg

3A !
(I A ] L
1A/DIV | |

50us/DIV 3615 F05
Voyut=1.8V
ILoap = 100mA TO 3A
Vmope = 1.5V
COMPENSATION AND OUTPUT CAPACITOR
VALUES OF FIGURE 3

Figure 5. Load Step Transient in FCM with External Compensation

When the load current suddenly decreases, the output
voltage starts at a level lower than nominal so the output
voltage can have more overshoot and stay within the
specified voltage range. This behavior is demonstrated
in Figure 6.

Thebenefitisalower peak-to-peak output voltage deviation
foragiven load step without having to increase the output
filter capacitance. Alternatively, the output voltage filter
capacitance can be reduced while maintaining the same
peak-to-peak transient response. Forthis operation mode,
the loop gain is reduced and no external compensation
is required.

Programmable Switch Pin Slew Rate

Asswitching frequenciesrise, itis desirable to minimize the
transitiontime required when switching to minimize power
losses and blanking time for the switch to settle. However,
fast slewing of the switch node results in relatively high
external radiated EMI and high on-chip supply transients,
which can cause problems for some applications.

Vour | | \
100mV/DIV T e
‘ersmraE
! | |
I ; |
el F
50us/DIV 3615 F06
Voyr=1.8V
ILoap = 100mA TO 3A
VmopE = 1.5V
VinN=VitH=3.3V

OUTPUT CAPACITOR VALUE FIGURE 3

Figure 6. Load Step Transient in FCM in AVP Mode
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The LTC3615 allows the user to control the slew rate of
the switching node SW by using the SRLIM pin. Tying this
pin to ground selects the fastest slew rate. The slowest
slew rate is selected when the pin is open. Connecting a
resistor (between 10k to 100k) from SRLIM pin to ground
adjuststhe slew rate between the maximum and minimum
values. The reduced dV/dt of the switch node results in a
significant reduction of the supply and ground ringing, as
well as lower radiated EMI. See Figure 7a and the Typical
Performance Characteristics section for examples.

Reducing the slew rate causes a trade-off between ef-
ficiency and low EMI (see Figure 7b).

Particularattentionshould be used with very high switching
frequencies. Using the slowest slew rate (SRLIM open)
can reduce the minimum duty cycle capability.

Soft-Start

The RUNX pins provide a means to shut down each chan-
nel of the LTC3615. Pulling both pins below 0.3V places
the LTC3615 in a low quiescent current shutdown state
(Ig < 1pA).

After enabling the LTC3615 by bringing either one or both
RUNx pins above the threshold, the enabled channels
enter a soft-start-up state. The type of soft-start behavior
is set by the TRACK/SSx pins. The soft-start cycle begins
with an initial discharge pulse pulling down the TRACK/

Vin=3.3V
Vour=1.8V
lout = 1A SRLIM =
SGND OR SV
40.2k:${:\ -
- 100k

1V/DIV

3615 F07a

2ns/DIV

(7a) Slew Rate of Rising Edge at SW1/2 vs SRLIM Resistor

SSx pin to SGND and discharging the external capacitor
Css (see Figure 3).

The initial discharge is adequate to discharge capacitors
up to 33nF. If a larger capacitor is required, connect the
external soft-start resistor Rgg to the RUN pin to fully
discharge the capacitor.

1. Tying this pin to SVy selects the internal soft-start
circuit. This circuit ramps the output voltage to the final
value within 1ms.

2. If a longer soft-start period is desired, it can be set
externally with a resistor and capacitor on the TRACK/
SSx pins as shown in Figure 3. The voltage applied at
the TRACK/SSx pins sets the value of the internal refer-
ence at Vg until TRACK/SSx is pulled above 0.6V. The
external soft-start duration can be calculated by using
the following equation:

tss =Rgg *Cgg *In ( SVin )

SV — 0.6V

3. The TRACK/SSx pin can be used to track the output
voltage of another supply.

Regardless of either the internal or external soft-start
state, the MODE pin is ignored during start-up and the
regulator defaults to pulse-skipping mode. In addition,
the PGOODx pinis kept low, and the frequency foldback
function is disabled.

92

Voyr=1.8V
91 floyT=1A
FCM
90 o N GNDOR SViy |
89 \;’- "’1___\\__.§~
gg |-40.2k 20k =T

.
; ’

87 |
86 |
8
84
83

82
2.25 3.06 3.88 4.69 5.50

Vin (V)

EFFICIENCY (%)

3615 07b

(7b) Efficiency vs SRLIM Resistor Programming

Figure 7. Slew Rate and the SRLIM Resistor
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Output Voltage Tracking Input

If SRLIM is low, once Vtrack/ss reaches or exceeds 0.6V
the run state is entered, and the MODE selection, power
good and current foldback circuits are enabled.

In the run state, the TRACK/SS pin can be used to track
down/upthe outputvoltage of another supply. Ifthe Virrack/
ssagain drops below 0.6V, the LTC3615 enters the down-
tracking state and the Vgyr is referenced to the TRACK/
SSvoltage. If Virack/ss reaches 0.1V value the switching
frequency is reduced by 4x to ensure that the minimum
duty cycle limit does not prevent the output from following
the TRACK/SS pin. The run state will resume if the Vrrack;
ss again exceeds 0.6V and the Vgt is referenced to the
internal reference.

Voury

Vour2

OUTPUT VOLTAGE

I
»
3615 F08

TIME

Figure 8. Coincident Start-Up Tracking

Through the TRACK/SS pin, the output voltage can be set
up to either coincidental or ratiometric tracking, as shown
in Figures 8 and 9.

To implement the coincidental tracking waveform in
Figure 8, connect an extra resistive divider to the output
of the master channel and connect its midpoint to the
TRACK/SS pin for the slave channel. The ratio of this
divider should be selected the same as that of the slave
channel’s feedback divider (Figure 10).

In this tracking mode, the master channel’s output must
be set higher than slave channel’s output. To implement
the ratiometric start-up in Figure 9, no extra divider is
needed; simply connect the TRACK/SS pin to the other
channel’s Vg pin (Figure 12).

Vour

Vour2

OUTPUT VOLTAGE

I

»
3615 F09

TIME

Figure 9. Ratiometric Start-Up Tracking

VouT1

Voutt
VouT1 R1
R3 RIT wrcasts R2
FB1
R4 R2 R3
TRACK/SS2
Vout2 Vout2
R5 R4
FB2
R6 R5

3615 F10

Figure 10. Set for Coincidentally
Tracking (R3 = R5, R4 = R6)

LTC3615 Ri LTG3615
FB1 FB1
R2
TRACK/SS2 TRACK/SS2
Vourz
R3
FB2 FB2
R4

Figure 11. Alternative Set-Up for Coincident
Start-Up Tracking (R1 = R3, R2 = R3 = R5)

3615 F11 3615 F12

Figure 12. Set-Up for
Ratiometric Tracking
3615fb
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External Reference Input (DDR Mode)

If SRLIM is tied to SV, the TRACK/SS pin can be used
as an external reference input between 0.3V and 0.5V, if

desired (see Figure 13).

InDDR mode, the maximum slew rate is selected. If VTrack/

Veg PIN 08
VOLTAGE

0.6V
TRACK/SS
PIN VOLTAGE 05¥

Vin
RUN PIN
VOLTAGE

ov

Vi
SV|y PIN
VOLTAGE

ov

TIME

SHUTDOWN
STATE

SOFT-START
STATE
tsg > 1ms

RUN STATE

REDUCED
SWITCHING
FREQUENCY
DOWN- upP-
TRACKING ~ TRACKING
STATE STATE

Figure 13. Tracking if Vggpm Is Low

RUN STATE

3615F13

0.45V

VOLTAGE

0.45V

EXTERNAL
VOLTAGE
REFERENCE 0.45V

TRACK/SS 0-3V

0.1V
PIN VOLTAGE o

Vi
RUN PIN
VOLTAGE

ViN
SVin PIN
VOLTAGE

ov

TIME

SHUTDOWN
STATE

SOFT-START
STATE
tgg > 1ms

RUN STATE

REDUCED
SWITCHING
FREQUENCY
WN- UpP

TRACKING

Figure 14. Tracking if Vgpm Is Tied to SV)y

TRACKING
STATE STATE

RUN STATE

3615 F14

ssiswithin0.3Vand 0.5V, the PGOOD functionis enabled.
If VTrAcK/ss is less than 0.3V, the output current foldback
is disabled and the PGOQD pin is always pulled down.
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DDR Application

The LTC3615 can be used in DDR memory power supply
applications by tying the SRLIM pinto SV)y. In DDR mode,
the maximum slew rate is selected. The output can both
source and sink current. Currentsinking is typically limited
to 1.5A, for 1IMHz frequency and 1pH inductance, but can
be lower at higher frequencies and low output voltages.
If higher ripple current can be tolerated, smaller inductor
values can increase the sink current limit. See the Typical
Performance Characteristics curves for more information.
In addition, in DDR mode, lower external reference volt-
ages and tracking output voltages between channels are
possible. See the Output Voltage Tracking Input section.

Single, Low Ripple 6A Output Application

The LT3615 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 (see Figure 15 on back
of datasheet). In orderto evenly share the current between
the two regulators, it is needed to connect pins FB1 to
FB2, ITH1 to ITH2 and to select forced continuous mode
at the MODE pin. To achieve lowest ripple, 90°, or better,
180°, antiphase is selected by connecting the PHASE pin
to midrail or SV)y. There are several advantages to this
2-phase buck regulator. Ripple currents at the input and
output are reduced, reducing voltage ripple and allowing
the use of smaller, less expensive capacitors. Although
two inductors are required, each will be smaller than the
inductor required for a single-phase regulator. This may
be important when there are tight height restrictions on
the circuit.

Efficiency Considerations

The efficiency of aswitching regulator is equal to the output
power divided by the input power times 100%. It is often
useful to analyze individual losses to determine what is
limiting the efficiency and which change would produce
the most improvement. Efficiency can be expressed as:

Efficiency =100% — (L1 + L2 + L3 +...)

where L1, L2, etc. are the individual losses as a percent-
age of input power.

Although all dissipative elements in the circuit produce

losses, two main sources usually account for most of
the losses: |y quiescent current and I2R losses. The Viy
quiescent current loss dominates the efficiency loss at
very low load currents whereas the I2R loss dominates
the efficiency loss at medium to high load currents. In a
typical efficiency plot, the efficiency curve at very low load
currents can be misleading since the actual power lost is
of little consequence.

1.The V|y quiescentcurrentis due to two components: the
DC bias currentas giveninthe Electrical Characteristics
and the internal main switch and synchronous switch
gate charge currents. The gate charge current results
from switching the gate capacitance of the internal power
MOSFET switches. Each time the gate is switched from
high to low to high again, a packet of charge dQ moves
from V| to ground. The resulting dQ/dt is the current
out of Vy due to gate charge, and it is typically larger
than the DC bias current. Both the DC bias and gate
charge losses are proportional to Vyy, thus, their effects
will be more pronounced at higher supply voltages.

2. 12R losses are calculated from the resistances of the
internal switches, Rgy, and external inductor Ry. In
continuous mode the average output current flowing
through inductor L is “chopped” between the main
switch and the synchronous switch. Thus, the series
resistance looking into the SW pin is a function of both
top and bottom MOSFET Rpg(on) and the duty cycle
(DC), as follows:

Rsw = (Rps(onytor)(DC) + (Ros(onysor)(1 — DC)
The Rps(on) for both the top and bottom MOSFETs can
be obtained from the Typical Performance Characteristics
curves. To obtain 12R losses, simply add Rgy to R, and
multiply the result by the square of the average output
current.

Otherlosses, including Cyyand Coyt ESR dissipative losses
and inductor core losses, generally account for less than
2% of the total loss.

Thermal Considerations

In most applications, the LTC3615 does not dissipate
much heat due to its high efficiency. However, in ap-
plications where the LTC3615 is running at high ambient
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temperature with low supply voltage and high duty cycles,
such as in dropout, the heat dissipated may exceed the
maximum junction temperature of the part. If the junction
temperature reaches approximately 170°C, all four power
switches will be turned off and the SW node will become
high impedance.

To prevent the LTC3615 from exceeding the maximum
junction temperature, the user will need to do some ther-
mal analysis. To determine whether the power dissipated
exceeds the maximum junction temperature of the part.
The temperature rise is given by:

Trise = Pp * 6ya
where Pp is the power dissipated by the regulator, and
B4 is the thermal resistance from the junction of the die

to the ambient temperature. The junction temperature,
Ty, is given by:

Ty=Ta+ TRist
where Ty is the ambient temperature.

As an example, consider this case: the LTC3615 is in
dropout at an input voltage of 3.3V with a load current for
each channel of 2A at an ambient temperature of 70°C.
Assuming a 20°C rise in junction temperature, to 90°C,
results in an Rpg(on) of 0.086mQ (see the graph in the
Typical Performance Characteristics section). Therefore,
the power dissipated by the part is:

PD = (|-|2 + |22) ® RDS(ON) = 0.69W
For the QFN package, the 6,5 is 37°C/W.

Therefore, the junction temperature of the regulator op-
erating at 70°C ambient temperature is approximately:

Ty =0.69W ¢ 37°C/W + 70°C = 95°C

Note that for very low input voltage, the junction tem-
perature will be higher due to increased switch resistance
Ros(on)- Itis not recommended to use full load current at
high ambient temperature and low input voltage.

To maximize the thermal performance of the LTC3615,
the Exposed Pad should be soldered to a ground plane.
See the PC Board Layout Checklist.

Design Example

As a design example, consider using the LTC3615 in an
application with the following specifications:

Viy=3.3V105.5V
Vour1 =2.5V
Voutp = 1.2V
lout1(max) = TA
lout2(Max) = 3A
lout(miny = 100mA
f=2.25MHz

Because efficiency is important at both high and low load
current, Burst Mode operation will be selected by connect-
ing the MODE pin to SGND.

First, calculate the timing resistor:
4E11Q » Hz
2.25MHz

Next, calculate the inductor values for about 1A ripple
current at maximum Vyy:

U:( 2.5V ).(1_2.5V)=0_6uH

Rrr/syne = =178k

2.25MHz 1A 5.5V
L2=( 1.2V ).(1_1.2V)=0.42UH
2.25MHz 1A 5.5V

Using a standard value of 0.56pH and 0.47pH inductors
results in maximum ripple currents of:

2.5V )( _25V

Al = 1 —)=1.08A
2.25MHz * 0.564H 5.5V

1.2V ).(1_1.2v

Al = )=0.89A
2.25MHz * 0.47pH 5.5V

Coyt will be selected based on the ESR that is required to
satisfy the output voltage ripple requirement and the bulk
capacitance needed for loop stability. Forthis design, 47puF
ceramic capacitors will be used with X5R or X7R dielectric.

Cn should be sized for a maximum current rating of:

lout1 . lout2
IRmS(MAX) = oty T 2ARMS
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Decoupling the PV y with two 47pF capacitors is adequate
for most applications.

Finally, itis possible to define the soft-start up time choos-
ing the proper value for the capacitor and the resistor
connected to TRACK/SS pin. If one sets minimum Tgg =
5ms and a resistor of 4.7M, the following equation can
be solved with the maximum SV = 5.5V:

5ms

=9.2nF
4.7I\/I-In(

Css =

5.5V )
5.5V -0.6V

The standard value of 10nF and 4.7M guarantees the
minimum soft-start time of 5ms. In Figure 3, channel 1
shows the schematic for this design example.

PC Board Layout Checklist

When laying out the printed circuit board, the following
checklist should be used to ensure proper operation of
the LTC3615:

1. A ground plane is recommended. If a ground plane
layer is not used, the signal and power grounds should
be segregated with all small signal components returning
to the SGND pin at one point which is then connected to
the PGND node at the exposed pad close tothe LTC3615

2. Connect the (+) terminal of the input capacitors, Cyy,
as close as possible to the PVyy pins, and the (-) ter-
minal as close as possible to the exposed pad PGND.
This capacitor provides the AC current into the internal
power MOSFETs.

3. Keep the switching nodes, SWx, away from all sensitive
small signal nodes FBx, ITHx, RTSYNC, SRLIM.

4. Flood all unused areas on all layers with copper. Flood-
ing with copper will reduce the temperature rise of
power components. Connect the copper areas to PGND
(exposed pad) for best performance.

5. Connect the Vggy pins directly to the feedback resis-
tors. The resistor divider must be connected between
VouTx and SGND.

RUN1 (2x) SWA
UREE.GER R1 R3 Couri
=—1 PGOOD1 121k 150k I 47uF

V]

Joma Ratiometric Start-Up

TYPICAL APPLICATIONS
DDR Memory Termination
Vin _
MBS
L SViv (@) PVint () PVine | g 47
— —+— ITH1 FB1
s L | RT/SYNC 163615
c2 - ¢—] SRLIM
1000y _ MODE
mk % Egﬁk (2x) SW2
-l— PHASE

g RUN2

TRACK/SS2

PGOOD2

ITH2 SGND PGND

I i 3615 TAO3a

FB2

- 1 s
15k L 10pF
c4a

R2 R4 y
60.4k  S49.9k DD

500mV/ Vi
DIV /=

£

3615 TAO3D

500ps/DIV

—T— 1000pF

3615fb

20

For more information www.linear.com/LTC3615

LY N



LTC3615/LTC3615-1

TYPICAL APPLICATIONS

External Compensation, Forced Continuous Operation, In-Phase Switching, Slew Rate Limit, Common PGOOD Output

Vin _ _ _ _ _
3.3V 1 1 1
47yF 47F 1F I I |
I I I
= = = SVIN - (2¢) PVin1  (2x) PVin 0.47uH Vours
RUN RUN1 (2x) SW1 1.8V/3A
TRACK/SST
PGOOD1 FB1
' ITH1 MODE
i i Ry LTC3615
Rt 10pF
s LT 178k
= \ R7/SYNC
S~ 2
—T220p 40.2k v
ouT2
= W SRLIM (2) SW2 2.5V/3A
MODE FB2
R6 R7
226k 174k
2 J__ PHASE
= . = | Run2
%mk TRACK/SS2
PGOOD $ PGOOD2
' ITH2  SGND PGND
Re2 10pF H 3615 TAD2
43k T ad
Cc2 - =
T 220pF
Vout1 Waveform Vout2 Waveform

: i
TR NI ool L NG
m Vsl ! m f. K :

..... IV DU U U JUR NN SO R AN S S St S S S SN S S
|

lourt P ——— lout2 P—
1ADIlV ™ 1ADIV

3615 TAO2b 3615 TAO2c

20ps/DIV 20ps/DIV
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Master and Slave for Coincident Tracking Outputs Using a 2MHz External Clock

RF1
240
AA
A\ A4
.j—CH
IwF
Vin _ _ _ = _
3.3V Lo Lo I | L1
47uF —_|_—47uF 47M 0.47pH
T Vour
= = §V|x1 (2x) PViny (22><) PSVVI\II\I12 1.8V/3A
¢ ) Cot1 Cot2
) | ® TRACK/SS1 453« 4Tk L2
R5 __E10nF FB1
100k = LTC3615-1 R2 R4
Csyc 357k 453k
T5pF PGOOD! ® PGOOD1 1 1
R7/SYNG = =
2MHz * ITH1
CLOCK p R ) o
T cl
izook 15k L 10PF _—{SRLIM
= Cor o——{mooe L2
= 0.47pH
——1000pF R9 _ . o o Vout?
= R8 226k UL o 1.2V/3A
R5 [ c [ c
= o7 L AF TIoar
& RUN2 FB2 200F = -
S R7 —] TRACK/SS2
% 100K PGOOD2 234;(
PGOOD2 —&
IA ITH2 SGND PGND =
Reo Gea %
15K —_l_—pr 2 d
C - -
C3 3615 TAD4a
I 470pF
Coincident Start-Up Coincident Tracking Up/Down
il Vourt
" Vour2 Vouti
500mVv/ | » ‘ 500mV/ m— \
DIV 1 DIV 0ouT2
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FE Package
24-Lead Plastic TSSOP (4.4mm)
(Reference LTC DWG # 05-08-1771 Rev B)

Exposed Pad Variation AA
7.70-7.90
3.25 (303-.311)
—
T (128) 3.25
+ fO0O0oogoooooa o
— 24 23 22| 21 20 19 18 17 16 1514 13
afililalalala
6.60 +0.10 2t4
+ N e A B 4
4504040 | (-108) ' I bk
| | 274 75
SEE NOTE 4 y ; + 2.74 1950y
0.45+0.05 ' I (108) “gsc
v =y Q I |
DDDDDDDDQ]Q]DD&;W
T T
[
0.65 BSC HHHHEHEHHEH ]
RECOMMENDED SOLDER PAD LAYOUT 1234567891011
1.20
4.30 - 4.50* (.047)
‘ (169-177) H‘ 0.29 MAX
| ( \ | 0°-8° ( \
LN I\ A AR v v
A 0.65 }
0.09-0.20 0.50-0.75 i T (-0256) »‘ “; 0.05-0.15
(.0035 —.0079) (.020-.030) BSC e 030 (.002 - .006)
m —>| |<&—  FE24 (AA) TSSOP REV B 0910
_ TYP
1. CONTROLLING DIMENSION: MILLIMETERS 4. RECOMMENDED MINIMUM PCB METAL SIZE
MILLIMETERS FOR EXPOSED PAD ATTACHMENT
2. DIMENSIONS ARE IN ™ yetiEs) *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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UF Package

24-Lead Plastic QFN (4mm x 4mm)
(Reference LTC DWG # 05-08-1697 Rev B)

§is

4.50 £0.05 2.45 +0.05
3.10 +0.05 (4 SIDES)

—>

~ oo

=
=

'
:

1

i<— PACKAGE OUTLINE

_—

l<— 0.25:0.05
<—050BSC

RECOMMENDED SOLDER PAD PITCH AND DIMENSIONS

BOTTOM VIEW—EXPOSED PAD

1. DRAWING PROPOSED TO BE MADE A JEDEC PACKAGE OUTLINE M0-220 VARIATION (WGGD-X)—TO BE APPROVED

2. DRAWING NOT TO SCALE

3. ALL DIMENSIONS ARE IN MILLIMETERS

4. DIMENSIONS OF EXPOSED PAD ON BOTTOM OF PACKAGE DO NOT INCLUDE
MOLD FLASH. MOLD FLASH, IF PRESENT, SHALL NOT EXCEED 0.15mm ON ANY SIDE, IF PRESENT

5. EXPOSED PAD SHALL BE SOLDER PLATED

6. SHADED AREA IS ONLY A REFERENCE FOR PIN 1 LOCATION
ON THE TOP AND BOTTOM OF PACKAGE

PIN 1 NOTCH
R=0.20 TYP OR
4.00£0.10 0.75 £0.05 R=0115 0.35 x 45° CHAMFER
~ (4SIDES) TYPW 03 24 |
|
PIN 1 i UULUUUU 0.40 £0.10
TOP MARK |
(NOTE 6) i D i \’/ (@ L
I T ) | ( 2
N 1 777777 _ 2.45 +0.10 77,7,7,17,7,7, B
\ (4-SIDES) \
| |
| LB LS
\ \
| | ARRANN
‘ (UF24) QFN 0105 REV B
‘ — | |<—0.200 ReF ‘ || l«<—025+005
—>{l<—0.00-0.05 —| l<—o0508sC
NOTE:
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LTC3615/LTC3615-1

REVISION HISTORY

REV | DATE |DESCRIPTION PAGE NUMBER

A 7110 | LTC3615-1 added. Reflected throughout the data sheet. 11032

B 6/13 | Clarified temperature maximum ratings. 2
Clarified the Ordering Information section. 2
Clarified the Feedback Voltage specification in the Electrical Characteristics section. 3
Clarified the temperature specifications on Notes 2 and 11. 4
Clarified Typical Performance Characteristics graphs. 7,8
Clarified paragraphs in the Inductor and Input Capacitor Selection sections. 17
Clarified the maximum junction temperature in the Thermal Considerations section. 25

3615fb
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LTC3615/LTC3615-1

TYPICAL APPLICATION

VlN _ _ _ _ .‘_‘_ |__- I-_ .___
33T} ? — ]
47uF 1uF SN (29 (2%) Vw1 ||
= = o— runi  PVint PVing L1 , , .
0.47uH Vout — —_ e -
¢— TRACK/SST 29 L 1.2V/6A Vswz
swi 2 aTF VDIV,
PGOOD1 <>$32k—_|_— 1A/DIV
* ITH1 - /W\
—L o ressts ! SR i <>
T —risnc o || 2 NN N
7R%-k i SRLIM (2x) SW2 L~ - I+ 12 U g N NI W W W N e
' = 200ns/DIV 516
(23000 . MODE FB2 MODE = FCM
—_|_— p R8
PR e M PHASE Figure 16. Reduced Ripple Current
—— RUN2 (Waveform I 1 + I 2) and Ripple Voltage
L TRACK/SS2 (Not Shown) Through 180° Phase Shift
PGOOD2 Between SW1 and SW2
ITH2 SGND PGND
IﬂBGWFﬁ
= 100
% Vour=1.2V
. . . MODE = FCM
Figure 15. Single, Low Ripple 6A Output N /;;‘”3':"'\3‘
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N 44
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5 il
%0 ///
20 A4
R — V|y=2.5V
10 22 -— Vjy=33V
0 ===Vy=5V
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Figure 17. Efficiency vs Load Current
for Voyr = 1.2V and lgyy Up to 6A

RELATED PARTS

PART NUMBER | DESCRIPTION COMMENTS

LTC3633 15V, Dual 3A, 4MHz, Synchronous Step-Down DG/DC | 95% Efficiency, Viy: 3.60V to 15V, Voyrminy = 0.6V, Ig = 500pA, Isp < 13pA,
Converter 4mm x 5mm QFN-28 and TSSOP-28E Packages

LTC3546 5.5V, Dual 3A/1A, 4MHz, Synchronous Step-Down DC/ | 95% Efficiency, Viy: 2.25V to 5.5V, Voyruiny = 0.6V, lg = 160pA, Isp < TpA,
DC Converter 4mm x 5mm QFN-28 Package

LTC3417A-2 5.5V, Dual 1.5A/1A, 4MHz, Synchronous Step-Down | 95% Efficiency, Viy: 2.25V 10 5.5V, Voyrwiny = 0.8V, lg = 125pA, Isp < 1A,
DC/DC Converter TSSOP-16E and 3mm x 5mm DFN-16 Packages

LTC3612 5.5V, 3A, 4MHz, Synchronous Step-Down DG/DC 95% Efficiency, Viy: 2.25V t0 5.5V, Voyrminy = 0.6V, Ig = 75pA, Isp < 1pA,
Converter 3mm x 4mm QFN-20 and TSSOP-20E Packages

LTC3614 5.5V, 4A, 4MHz, Synchronous Step-Down DG/DC 95% Efficiency, Viy: 2.25V t0 5.5V, Voyrminy = 0.6V, Ig = 75pA, Isp < 1pA,
Converter 3mm x 4mm QFN-20 and TSSOP-20E Packages

LTC3616 5.5V, 6A, 4MHz, Synchronous Step-Down DG/DC 95% Efficiency, Viy: 2.25V to 5.5V, Voyrminy = 0.6V, lq = 75pA, Isp < A,

Converter

3mm x 5mm QFN-24 Package
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