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charger thermal limiting, current limit-
ing for all outputs, etc.) which helps 
minimize the number of external com-
ponents. The circuit is even simpler for 
applications that require only a battery 
and USB power, without the 5V wall 
adapter (see note in Figure 2).

Dual High-Efficiency 
DC/DC Converters
The LTC3455 contains two 1.5MHz 
constant-frequency current-mode 
switching regulators that operate 
with efficiencies up to 96%. Switcher 1 
provides up to 400mA at 1.5V/1.8V 
(to power a microcontroller core), and 
Switcher 2 provides up to 600mA at 
3.3V (to power microcontroller I/O, 
memory and other logic circuitry). Both 
converters support 100% duty cycle 
operation (low dropout mode) when the 
input voltage drops very close to the 
output voltage, and both are capable 
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Introduction
The LTC®3455 provides a compact, 
easy-to-use solution that seamlessly 
transitions between three different 
input power sources: a single-cell 
Li-Ion battery, a USB port, and a 5V 
wall adapter. The device contains two 
synchronous buck (step-down) DC/
DC converters, a USB power controller 
(that accurately limits USB current 
to 500mA or 100mA), a full-featured 
single-cell Li-Ion battery charger, a 
200mA Hot Swap™ output, a low-bat-
tery indicator, and numerous internal 
protection features, all squeezed into 
a low-profile (0.8mm tall) 4mm × 4mm 
24-Pin QFN package (Figure 1). 

The simplicity of a typical LTC3455 
application is shown in Figure 2. Ef-
ficiencies for the DC/DC converters in 
this application are shown in Figure 3. 
The device handles important system 
startup and protection issues inter-
nally (soft-start, supply sequencing, 
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IN THIS ISSUE…

COVER ARTICLE

Complete USB Power Manager, Li-Ion 
Charger and Two Buck Converters 
in a 4mm × 4mm QFN .................... 1
Bryan Legates

Issue Highlights ............................ 2

LTC in the News….......................... 2

DESIGN FEATURES

Easy-to-Use Spread Spectrum Clock 
Generator Reduces EMI and More .. 6
Tim Regan and Doug La Porte

Monolithic Ideal Diode 
Prolongs Battery Life................... 10
Andrew Bishop

Versatile Power Supply 
Tracking without MOSFETs......... 13
Dan Eddleman

Compact, Versatile, Accurate, 
3-State Programmable Power 
Supply Supervisors...................... 19
Eko T. Lisuwandi

2-Phase Controller Makes Small, 
Fast and Efficient Power Supplies 
with Output Tracking.................. 24
David Chen



2 Linear Technology Magazine • February 20042

 EDITOR’S PAGE

Linear Technology Magazine • February 2004 33

DESIGN FEATURES 

Issue Highlights LTC in the News…
On January 13, Linear Technol-
ogy Corporation announced its 
financial results for its second 
quarter of fiscal year 2004, ending 
December 28, 2003. According to 
Robert H. Swanson, Chairman of 
the Board and CEO, “This was a 
strong quarter for us. We exceeded 
our estimates by growing sales and 
profits 7% sequentially over the 
September quarter. Demand for 
our products was particularly 
strong and increased in each 
end-market, led by industrial 
and communications. This broad 
cross section of strength, which 
crosses all end-markets and all 
major geographies, and is widely 
disbursed over many customers, 
is very encouraging. We continue 
to be both strongly profitable, as 
demonstrated by our 40% return 
on sales, and strongly cash flow 
positive from operations, as evi-
denced by the increase in cash. 
Looking forward we envision 
continued strength in our mar-
ketplace. Should these current 
trends continue, we expect to grow 
both sales and profits in the high 
single digit range sequentially in 
the March quarter.”

The Company reported net sales 
for the quarter of $186,021,000 
and net income of $74,335,000. 
Diluted earnings were $0.23 per 
share. A cash dividend of $.08 
per share, an increase of $.02 per 
share, will be paid on February 11, 
2004 to stockholders of record on 
January 23, 2004. 

Managing power in portable devices 
has never been easier. Our cover ar-
ticle introduces a device that distills 
all portable power management tasks 
into one easy-to-use 16mm2 device. 

The LTC3455 Portable Device 
Power Manager manages power 
from three sources, including current-
limited USB, wall adapter, and Li-Ion 
battery, charges the battery, supplies 
two DC outputs, and offers Hot Swap 
support for memory cards—all with 
just a few external components. 

In some applications the LTC3455 
can replace a fistful of power manage-
ment and power conversion devices.

Featured Devices
Below is a summary of the other de-
vices featured in this issue.

Programmable SSFM Oscillator
One effective method to reduce 
switcher-based power supply EMI at 
a particular frequency is to spread 
the EMI energy amongst many 
frequencies. To this end, a switcher’s 
operating frequency can be modulat-
ed via Spread Spectrum Frequency 
Modulation (SSFM). The LTC6902 
is an easy-to-use resistor program-
mable clock generator that outputs 
a pseudo-random clock signal. This 
clock signal can be applied to a switch-
ing regulator to implement SSFM. 

 The LTC6902 can also be used to 
reduce aliasing in ADCs (discussed in 
the article herein). (Page 6)

PowerPath Control
Many consumer electronic devices rely 
on batteries and wall adapters for sup-
plying power to portable and handheld 
applications. These devices must rely 
on some method of automatically and 
smoothly switching between the bat-
tery and the wall adapter. 

The LTC4411 is a low loss mono-
lithic ideal diode that simplifies 
the implementation of PowerPath™ 
control circuitry. With the LTC4411 
it is possible to build an entire power 
management solution in a 2mm × 3mm 
footprint. (Page 10)

of the first channel but with a 180° 
phase shift⎯this 2-phase operation 
reduces the input RMS current and 
EMI. (Page 24)

Design Ideas and Cameos
Starting on page 27 are seven new 
Design Ideas, and at the back are 
eight New Device Cameos. Visit 
www.linear.com for complete device 
specifications and applications infor-
mation. 

Supply Sequencing and Tracking
The LTC2923 provides a simple and 
versatile solution to both power supply 
tracking and sequencing without the 
drawbacks of series MOSFETs. 

By selecting a few resistors, the 
supplies are configured to ramp-up 
and ramp-down with a variety of volt-
age profiles. The data sheet for this 
part presents a simple 3-step design 
procedure for choosing the resistor 
values. 

The article here presents some of 
the theory behind the 3-step procedure 
for users who want a more intuitive 
understanding of the operation of the 
part. (Page 13)

Power Supply Monitoring 
Four new power supply supervisors 
improve system reliability by offering 
very accurate reset thresholds. They 
save design time, production costs and 
board space with simple interfaces and 
extremely low part count.

The LTC2904, LTC2905, LTC2906 
and LTC2907 dual power supply 
supervisors can simultaneously 
monitor two supply voltages with 1.5% 
threshold accuracy over temperature. 
All four parts can be programmed to 
have either a 5%, 7.5% or 10% power 
supply tolerance. (Page 19)

Power Supply Regulators 
and Controllers
High efficiency, small size and fast 
transient response are often at odds 
in power supply designs.  The LTC3708 
dual, 2-phase PWM step-down DC/
DC controller makes it possible to 
simultaneously achieve all three by 
offering a unique set of powerful 
features. 

The LTC3708 uses a constant 
on-time, valley-current control ar-
chitecture to regulate each output 
independently. The on-time of the 
first output channel is programmed 
by an external resistor so that the 
switching frequency is kept relatively 
constant. An internal Phase Locked 
Loop (PLL) locks the frequency of 
the second output channel to that 
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LTC3455, continued from page 1
of Burst Mode® operation for highest 
efficiencies at light loads (Burst Mode 
is pin selectable). Switcher 2 has inde-
pendent ON/OFF control, but operates 
only when Switcher 1 is also enabled 
and in regulation. If both are enabled 
at initial power-up, Switcher 2 turns 
on only after Switcher 1 has reached 
90% of its programmed value. This 
power-up delay ensures proper sup-
ply sequencing and reduces the peak 
battery current at startup. 

Whenever external power is present, 
the battery charger and Switcher 1 (the 
core supply) are enabled. This ensures 
that the battery can always be charged 
and that the microcontroller is always 
alive whenever external power is avail-
able. Switcher 2 can also be set to turn 
on whenever external power is pres-
ent. Additionally, all system power is 
drawn from the appropriate external 
source, and once the battery is fully 
charged, current drain on the battery 
is reduced to 10µA. 

Make the most of USB Power
The popularity of USB (Universal Serial 
Bus) makes it an attractive choice for 
transferring data and power between 
devices. The ability to power a portable 
device via USB while charging its bat-
teries is obviously desirable (no wall 
wart), but it is not necessarily an easy 
design problem. The power available 
from a single USB port (maximum 
2.5W) is barely enough to support 
the peak power needed by many full-
featured portable devices, even without 
adding in the power needed to quickly 
charge their batteries.

To further complicate matters, the 
USB port is not an ideal power source. 
Each device can draw a maximum of 
500mA in high power mode (or 100mA 
in low power mode), but the voltage 
provided to the portable device can vary 
quite significantly. Although the USB 
power supply has a 5V nominal rat-
ing, when you include normal supply 
variations, cable losses, and transient 
conditions, the USB voltage showing 
up at the portable device is typically 
much lower—often falling to only 4V 
(even though the minimum USB speci-
fication is 4.35V). Since the USB port 
has a strict current limit of 500mA, 

this means the amount of power avail-
able to the portable device can be as 
low as 2W. The reduced USB voltage 
also presents problems when trying to 
fully charge a single-cell Lithium-Ion 
battery (that has a 4.2V final charge 
voltage) when the USB voltage may 
itself be below 4.2V.

The LTC3455’s USB power control-
ler is specifically designed to solve 
these problems by offering several 
features that make the most of the 
power the USB port has to offer. The 
device draws USB power once the 
USB pin voltage reaches 3.9V, and 
continues drawing power until the 
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Figure 2. Typical LTC3455 application
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pin voltage falls below 3.7V. If the 
USB pin voltage drops below 4.5V, the 
charge current gradually reduces (and 
eventually shuts off around 4.0V) to 
help prevent “chattering” and stability 
problems when using long, resistive 
USB cables. Figure 4 shows this 
reduction in charge current as USB 
voltage drops.

The internal USB power controller 
also automatically throttles back the 
battery charge current to help keep the 
total system current under the strict 
500mA or 100mA USB limit. The rest 
of the system draws whatever current 
it needs, but the battery charge cur-
rent is reduced to try and keep the 
total system current below the strict 
USB 500mA/100mA limit. The graph 
in Figure 5 shows how charge current, 
IBAT, decreases as the current needed 
for the rest of the system increases 
(both switchers and all other external 
devices pull current from the VMAX pin). 
The total USB current, IUSB, always 
stays below 500mA.

Li-Ion Battery Charger
The battery charger is a constant-
current, constant-voltage charger. 
In constant-current mode, the maxi-
mum charge current is set by a single 
external resistor. When the battery ap-
proaches the final float voltage, the 
charge current begins to decrease 
as the charger switches to constant-
voltage mode. The charge cycle is 
terminated only by the charge timer, 
which is programmed using a single 
external capacitor. Maximum charge 
current is 500mA when USB powered 
and up to 1A when wall adapter pow-
ered. The USB power controller will 
automatically throttle back the charge 
current to help keep the total USB pin 
current below 500mA whenever under 
USB power. When the battery is below 
2.8V at the start of a charge cycle, the 
charger goes into trickle charge mode, 
reducing the charge current to one-
tenth of its programmed maximum 
value. An internal thermal limit re-
duces the charge current if the die 
temperature rises above a preset value 
of approximately 105°C. This feature 
not only protects the LTC3455 from 
excessive temperatures, it can also re-

duce charge times because it allows the 
user to set a higher maximum charge 
current—taking into account typical, 
instead of worse case, ambient tem-
peratures for a given application—with 
the assurance that the charger will 
automatically reduce the current 
under worst-case conditions.

Hot Swap Output
A 200mA Hot Swap output is pro-
vided for powering Secure Digital 
(SDIO) cards, memory cards, and 
any other external devices that can 
be hot-plugged into the system. If 
hot-plugged directly into one of the 
switcher outputs, these external de-
vices appear initially as a short and can 
drag down the output, causing major 

system problems. The HSO output can 
only operate when the LTC3455 is on, 
and is enabled using the HSON pin. 
For applications where hot-plugging 
is not needed, this output can sim-
ply be used as a 200mA load switch 
(controlled by the HSON pin).

Low Battery Detector/LDO
The LTC3455 contains an additional 
gain block (pins AI and AO) that can 
be used as either a low-battery indica-
tor, or as an LDO with the addition of 
an external PNP or PMOS. This gain 
block is alive whenever the device is 
enabled, and turned off during shut-
down to minimize battery drain. The 
low-battery detector will not report 
a low-battery condition until the 
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LTC3455 is turned on, but this is 
not a problem for most applications, 
since the LTC3455 would power the 
microcontroller and all other intelli-
gence in the system anyway. The LDO 
is convenient for applications needing 
a third output, like a 2.5V or a quiet 
3V supply.

Increasing the 3.3V 
Output Current to 1.2A
With an internal current limit of 
900mA, Switcher 2 typically provides a 
3.3V, 600mA output. While this output 
current is sufficient for many portable 
devices, some applications need a 3.3V 
supply capable of providing more than 
1A. Figure 6 shows how to implement 
a higher current 3.3V output using the 
LTC3455. By adding one tiny SOT-23 
PMOS and using the gain block as an 
LDO, the 3.3V output now provides 
1.2A of output current. Switcher 2 is 
programmed for an output voltage of 
3.3V, and the LDO is programmed for 
an output voltage of 3.2V (3% lower). As 
long as the load current is low enough 
for Switcher 2 to provide, the LDO is 
turned off completely. This circuit is 
ideal for applications that need the 
higher 3.3V output current for only 
a brief time. Switcher 2 will normally 
provide all of the output current, and 
the LDO will turn on briefly to provide 
the higher load currents.

When the load current exceeds 
what Switcher 2 can provide, the 
3.3V output droops slightly and the 
LDO provides the additional current 
needed. Figure 7 shows the transient 
response when the 3.3V output cur-
rent is stepped from 0.5A to 1.2A. 
More output capacitance can be 
added to improve the 3.3V transient 
response during these high current 
load steps.

USB Power Supply with 
Temporary Backup Power 
Although designed primarily for Li-
Ion powered portable applications, 
the LTC3455 is also a good choice 
for systems that are always powered 
by a USB supply or wall adapter. The 
battery charger can then be used to 
charge up a large capacitor or backup 
battery, which briefly provides power 

to the system after the external 
power has been removed. This gives 
the microcontroller enough time to 
follow proper shutdown procedures 
when the main power source is 
abruptly removed. 

Figure 8 shows a standalone power 
supply for USB high power applica-
tions (500mA max USB current) using 
the LTC3455. The total system power 
should be kept below 1.8W to ensure 
clean operation even under worst-case 
USB conditions. With the resistor val-
ues shown, the low-battery indicator 
(AI and AO pins) triggers when the VMAX 
pin voltage drops to 4.0V, notifying 
the microcontroller of an impending 
dropout condition. The 1MΩ resistor 
connected between the AI and AO pins 
provides 150mV of hysteresis (the 
dropout indicator stays low until the 
VMAX pin rises back above 4.15V). 

A 4700µF backup capacitor con-
nected to the VBAT pin briefly provides 
power to the system after the USB sup-
ply has been removed, and also helps 
support transient loads that slightly 
exceed the USB current limit. Connect-

ing this large capacitance to the VBAT 
pin has several advantages. It provides 
a large energy reservoir that is isolated 
from both the USB pin (the USB speci-
fication limits capacitance on the USB 
supply pin to 10µF or less) and the VMAX 
pin (using a very large capacitance on 
this pin will delay the system turn-on), 
and it prevents large inrush currents 
by using the battery charger to slowly 
charge this capacitor. With the TIMER 
pin tied to VMAX, the battery charger 
operates in constant-current mode 
(the voltage-loop and timer function 
are disabled), so the 4700µF capacitor 
is always fully charged to the available 
USB voltage.

Conclusion 
The LTC3455 simplifies the design 
of portable applications. It is a com-
plete power management solution, 
incorporating two step-down DC/DC 
converters, a USB power controller, a 
full-featured Li-Ion battery charger, a 
Hot Swap output, and a low-battery 
indicator—all squeezd into a tiny 4mm 
× 4mm QFN. 
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