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Single Device Tracks and
Monitors Five Supplies

Introduction

Multiple supply sources and multiple
supply voltages have become the norm,
rather than the exception, as each
subsystem uses its optimum voltage
to maximize performance. In fact, in-
dividual FPGA or DSP chips can have
separate core and I/O power supplies
requiring different voltages. Even the
type of supply voltage sources may
not be consistent.

Regulators (switching and lin-
ear), supply bricks, charge pumps,
and batteries have varied start-up
characteristics and satisfy power
sourcing requirements differently.
System errors or even damage can

by Thomus DiGiucomo

occur when loads are energized in
the wrong order.

Often the best solution to avoid
these problems is to ramp up all the
load voltages together. The LTC2921
and LTC2922 power supply trackers do
just that. These power supply trackers
alsoinclude input voltage monitors for
up to five supplies.

Each monitor-tracker controls
the load voltages by simultane-
ously ramping the gates of external
series N-channel FETs between the
supplies and their loads. Input com-
parators continuously qualify up to

continued on page 3
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Issue Highlights

system errors or even damage can

occur when loads are energized in
the wrong order. Often the best solu-
tion to avoid these problems is to ramp
up all the load voltages together. Our
cover article introduces two power
supply trackers that monitor five
source voltages and ramp up their
loads.

In multi-voltage systems, major

Featured Devices

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

Op Amps

The LTC2054 and LTC2055 are single
and dual low power zero-drift op-
erational amplifiers available in
SOT-23 (LTC2054), MS8 and DD
(LTC2055) packages. These are the
lowest power zero-drift amplifiers
available, and each offers the same
high performance, including low input
bias current (1pA typical), low offset
(3pV max) and drift (30nV/°C max)
up to 125°C while consuming only
130pA per amplifier. Similar ampli-
fiers require 0.8mA to 1maA to achieve
the same performance. (Page 6)

The LTC1992 fully differential
input/output amplifier family pro-
vides simple amplification or level
translation solutions for amplifying
signals that are intrinsically differen-
tial or need to be made differential. The
LTC1992 is available with uncommit-
ted gain, or fixed gain versions with
space-saving on-chip factory-trimmed
resistors. (Page 16)

The LT6210 (single) and LT6211
(dual) are programmable supply cur-
rent, R-R output, current feedback
amplifiers that are flexible enough to
satisfy the needs of many applications
by solving a host of amplifier problems.
These devices couple a high-speed,
current-feedback topology with a
C-Load™ stable, high current drive,
rail-to-rail output stage. They have
programmable supply current with a
nearly constant speed to power ratio,
from 10MHz at 300pA up to 200MHz
at 6mA. (Page 25)

PowerPath Control

Rechargeable batteries are commonly
used to power portable Universal Se-
rial Bus (USB) devices, such as PDAs
or MP3 players. The USB itself can
be used to directly power the device
or charge a battery. The LTC4055
USB power controller and Li-Ion
Linear Charger uses PowerPath™
control to seamlessly and efficiently
steer the load to the preferred source
of power—all while remaining within
the specified USB current limit. Any
available leftover current is used to
charge the battery. (Page 8)

The LT4351 MOSFET diode-OR
controller turns a power N-channel
MOSFET into a near ideal diode suit-
able for high power ORing applications.
The LT4351 can improve efficiency
over a Schottky by more than ten-fold
in high power designs. (Page 21)

Accurate Battery Gas Guage

The LTC4150 coulomb counter pro-
vides an accurate battery gas guage
by measuring the charge flowing into
and out of the battery through a sense
resistor. A voltage-to-frequency con-
verter transforms the current sense
voltage into a series of output pulses
which can be used by a microcontroller
to accurately determine the charge
status of a battery. (Page 11)

LED and LCD Drivers

The LT3466 simplifies the task of fit-
tingwhite LED driver circuitry into the
latest devices by providing a dual high
efficiency, constant current white
LED driver in a space-saving 3mm x
3mm DFN package. The LT3466 can
drive up to 20 white LEDs from a single
cell Li-Ion battery input with greater
than 80% efficiency. It also provides
space and component savings with in-
tegrated Schottky diodes and internal
compensation. (Page 13)

The LTC3450 triple output power
supply for small TFT-LCD displays
improves battery life and saves space
by delivering a 95% efficient color
LCD bias solution in a low profile

LTC in the News...

On April 13, Linear Technology
Corporation announced its finan-
cial results for the 3rd quarter of
fiscal year 2004 ended March 28.
According to Robert H. Swanson,
Chairman of the Board and CEO,
“This was a another strong quar-
ter for us. Sales grew 12% and
profits 15% sequentially over the
December quarter. Demand for
our products has continued to be
robust, increasing in each major
end-market, led by industrial and
communications, and increasing
also in every major geographical
area. Ourreturnonsales was 41%.
We generated approximately $83
million in cash and short-term
investments, before purchasing
the shares of our stock referred
to above. In each of the last three
quarters we have accelerated our
year over year sales and profit
growth. Looking forward, we are
experiencing very broad based
strength in our market place
and, should these current trends
continue, we expect to grow sales
by roughly a similar percentage in
the June quarter to the quarter
just completed.”

The Company reported net sales
of $209,133,000, and net income
of $85,549,000, or $0.27 diluted
earnings per share. A cash divi-
dend of $0.08 per share will be paid
onMay 12,2004 to stockholders of
record on April 23, 2004. L7

(0.8mm tall), 3mm x 3mm package.
(Page 19)

Design Ideas and Cameos
Starting on page 29 are six new Design
Ideas including a simple solution to
driving the new powerful white LEDs.
At the back are six New Device Cam-
eos. Visit www.linear.com for complete
device specifications and applications
information. £7
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LTC2921/LTC2922, continued from page 1

five sources to ensure that all supply
voltages are ready not only before load
ramping begins, but also during and
after ramping. If at any time during or
after the turn-on sequence a monitor
input fails, all the loads are discon-
nected immediately. When all monitors
meet their thresholds again, a turn-on
sequence is reinitiated.

If the monitored supplies maintain
correctlevels, all the supplies track up
together and load ramping completes.
After that, remote sense switches au-
tomatically connect the load voltages
to the Kelvin sense inputs of the sup-
ply sources. Sensing the load voltage
allows the sources to compensate for
the voltage drops across the external
series FETs. Finally, activation of the
power good signal indicates that ramp-
up has completed. Figure 1 shows
an application with three monitored
tracking supplies. A scope photo of a
turn-on sequence is shown in Figure 2.
Table 1 summarizes the features of
these devices.

Designed for

Tracking Success

The LTC2921 and LTC2922 qualify
the source voltages so that the load
voltages cannot begin to ramp before
all the supply sources have reached
operational levels. All five supplies
must concurrently exceed their moni-
tor threshold voltages before ramp-up
begins. A user-adjustable timer holds
off the start of load ramping, and all
supplies must continuously exceed
the threshold voltage levels during
this period. This time delay, set by the
capacitor at the TIMER pin, provides a
measure of confidence in the sources’
operational readiness.

Four of the five input monitor levels
are adjustable by selecting resistor val-
ues for external voltage dividers. The
fifth monitor levelis fixed by an internal
resistive voltage divider to monitor V¢
at 5V, 3.3V, or 2.5V—depending on
device version.

The input monitors feature a thresh-
old of 0.5V and threshold accuracy of
+1.5% over temperature, which allows
tight monitoring of supply voltages to
below 1V. Internal glitch filtering pro-

2.5V SUPPLY
2V/DIV

OUTPUTS | . A
2V/DIV ;

PG |
VDIV |

5V SUPPLY AT 5V
3.3V SUPPLY AT 3.3V

100ms/DIV

Figure 2. Scope trace of load voltage ramp-up and power
good activation for the application circuit in Figure 1.

tects against monitoring errors due
to low-energy voltage spikes around
the threshold level. All five monitors
include an upper threshold at 0.7V
that protects the loads against supply
overvoltage.

Both the LTC2921 and LTC2922
have an adjustable ramp rate, set
by a capacitor at the GATE pin, al-
lowing control of inrush currents at
the loads and overall turn-on delay.
During ramping, the external FETs
act as source followers. As a load
voltage nears its supply voltage, the
still-ramping GATE pin overdrives
the FET, which reduces Rpgoy), and
therefore the voltage drop across the
transistor. The higher voltage chan-

nels continue ramping upward, and
each levels off in turn. This behavior
is commonly called coincident track-
ing because the load voltages rise
together. An onboard charge pump
allows the LTC2921 and LTC2922 to
pull the GATE pin high enough above
Ve to enhance fully both logic-level
and sub-logic-level FETSs.

Although the gates of the external N-
channel FETs are overdriven toreduce
Rps(on) the voltage difference between
supply and load may not be insignifi-
cant, especially at low supply voltages
and high load currents. For example,
a 10A load current drawn through a
10mQ drain-sourceresistance ona 2V
supply results in a load voltage that

Table 1. LTC2921 and LTC2922 summary of features

Features LTC2921 LTC2922
Voo Supply Voltage 33y Terboids Terbonas
2.5V LTC2921-2.5 LTC2922-2.5
Input Monitors ‘doxedioVeg | dedioaed 0 Vo
Monitor Threshold Voltage 0.5V 0.5V
Monitor Threshold Accuracy | +1.5% over temperature +1.5% over temperature
Overvoltage Threshold 0.7v 0.7v
Adjustable Ramp Rate yes yes
Remote Sense Switches 3 5
Power Good Output yes yes
Adjustable Time Delay yes yes
Electronic Circuit Breaker | 1 dedicated to Vgg supply | 1 dedicated to Vg supply
Package 16-lead Narrow SSOP 20-lead TSSOP
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is 1.9V, a full 5% low. To compensate
for the voltage drop, each LTC2921
and LTC2922 incorporates automatic
remote sense switching.

Integrated N-channel FET switches
provide remote sense paths between
the loads and the supply sources’
Kelvin sense pins. After the external
series FETs are completely enhanced,
the low resistance remote sense
switches are automatically switched
on, forcing the supply sources to
increase enough to compensate
for the series voltage drops. The
LTC2921 family of parts offers three
remote sense switches per package,
while the LTC2922 family of parts
offers five remote sense switches per
package.

After the remote sense switches
close, another time delay allows any
switching transients to settle. The
LTC2921 and LTC2922 assert the
power good signal indicating that
ramp-up has successfully complet-
ed, and that the sources continue to
meet their monitored requirements.
The addition of a pull-up resistor
to the PG output generates a start
signal for devices requiring a reliable
RESET, such as microprocessors or
DSPs. Alternatively, the addition of
an LED and a resistor can provide a
“tracking done” indicator lamp.

Handling of Monitor Errors

The LTC2921 and LTC2922 protect
theloads against invalid supply levels
and supply sources that have failed
outright. The failure of one or more
of the input monitors deactivates
power good, opens the remote sense
switches, and separates the loads
from the sources by quickly pull-
ing down the gate driver. Until all
supplies pass the monitoring quali-
fications again, the time delay cycle
does not initiate, and the loads will
not be ramped. Even if the source
supplying V fails, internal charge
storage permits proper triggering of
the load cut-off mechanisms.

Short circuits or excessive currents
due to load problems can be detected
indirectly in two ways. Consider first
the case ofaload current that exceeds
the sourcing capability of its supply.

The supply voltage will start collapsing.
If the voltage falls enough, it trips the
monitor threshold comparator. Con-
sider next the case of a load current
that creates a significant drop across
the external FET. When the remote
sense switches activate, the source
compensates for the drop by increas-
ing the supply voltage. If the voltage
rises enough, it trips the overvoltage
threshold.

The LTC2921 and LTC2922 are
designed to retry on monitor errors,
so that a failed source shuts down
the system only as long as it is failing.
Permanent source difficulties cause
retry failure that keeps the loads
disconnected. This tolerant control
philosophy is further supported by
the input monitors’ glitch filters; see
the “Accurate Yet Tolerant: Glitch Fil-
tering Monitors” section in this article.
Chronic short circuits or excessive
loads can cause retry cycles because
each disconnect eliminates the error
condition, and each auto-retry eventu-
ally restores it. Repetitive retries with
a period longer than the TIMER delay
usually indicate a load current prob-
lem that needs to be addressed.

Oh, He’s Our Short Stop:
Electronic Circuit Breaker

For applications where a short cir-
cuited load needs to be handled, the
LTC2921 and LTC2922 provide an ad-
justable electronic circuit breaker. As
inthe case of a monitor failure, tripping
the breaker deactivates power good,
opens the remote sense switches, and
separates the loads from the sources.

Rsense
VSRCO — A\

Unlike the case of the monitor failure,
tripping the breaker sets a latch that
prevents the retry of turn-on until the
latch is reset (see Figure 3).

The electronic circuit breaker is
available on the supply that powers
Vce. When the SENSE input pin is
greater than 50mV below V¢, the
breaker trips and the stop latch is
set. The breaker’s trip current is set
by choosing a resistor that creates
a 50mV drop when that amount of
current flows. Reaction time between
a trip event and start of load discon-
nect is typically less than 2ps. The
V1 pin monitor input doubles as the
circuit breaker reset control. Pulling
V1 below the monitor threshold for
more than 150ps resets the circuit
breaker latch. If all other monitored
supplies are correct, turn-on retry
begins when the V1 voltage exceeds
the monitor threshold.

Accurate Yet Tolerant:

Glitch Filtering Monitors
Reliable supply voltage monitoring
depends on thresholds that remain
accurate over temperature and supply
variations. All five monitor inputs of
the LTC2921 and LTC2922 have the
same guaranteed threshold accuracy
of +1.5% over the full operating tem-
perature range (see Figure 4).

In any monitoring application, sup-
ply noise riding on the monitored DC
voltage can cause spurious monitor
errors, particularly when the level
is near the trip threshold. Having to
budget for worst-case supply noise
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Figure 3. Functional schematic of the electronic circuit breaker function
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directly reduces the benefit of a tight
monitoring threshold.

One commonly used, but problem-
atic, solution to this problem is the
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Figure 5. Typical glitch filter characteristics:
trip decision delay time versus monitor input
voltage delta (relative to monitor threshold)

comparator. The amount of hysteresis
is usually specified as a percentage of
the trip threshold, and typically needs
tobe added to the advertised accuracy

true accuracy of the trip threshold.
This technique degrades accuracy,
so it is not used by the LTC2921 and
LTC2922.

The LTC2921 and LTC2922 em-
ploy a time-integration method of
filtering glitches that accommodates
low energy transients on nominally
DC supply voltages. For a transient
to be low energy, it can have high
amplitude for short duration or low
amplitude for long duration. Figure 5
shows that the response time of the
monitor comparators slows signifi-
cantly as the input voltage nears the
threshold voltage. Small voltage dif-
ferences around the threshold, if they
persist, trip the monitors. Large voltage
spikes around the threshold, if they

addition of hysteresis to the input of the part in order to determine the continued on page 28
5V
Vour |5V:£10% _ o L
RSENSE ZPVV VR l*lQO EARLY
Vrs G 0.050, 1% 0 _L $i23160S 0.8A MAX
DC/DC A sy L S Reo
CONVERTER L = 10Q
r 25V
25V +5%
Vour 141 EARLY
Veg Rxi< Cot | g'1231eos 1.5A MAX
1000S 0.1uf i
DC/DC 25V 100
CONVERTER L IT
e REVES A v
v lylw 1.5A MAX
/B Rxe S Co2 Si2316DS
1000 S 0.1uF
DC/DC 9 25V | Rg2
CONVERTER —L- = 10Q
Vour |33V£10% o . 3.3V
o 14T LATE
Ve o _L Si2316DS
DC/DC o5y L Tas
CONVERTER L = 0Q
Vour |28V£10% . 25V
LATE
Ve C ( Co4 1*1242 16DS
1 gﬁFF’ o.mF__L_ Rs:; 316
DC/DC
CONVERTER Rere Rezo Reso Read 25v L 2V = 100
= 169k S 113k S 232k S 162k =
1%y 1% 1%7 1% 19 18
Vec  SENSE 17
i Vi GATE -
GATE L
QRST 5 xg 047uF =
Si1012R
' 61 V4 6 2V = PG PIN AS
CBRST Ra L Rael Rl Rul PG SEQUENCED
R 49.9k S 49.9% 49.9k$ 49.9% 10292 o ngcla: 1 GATE DRIVER
100k 1%T 1%T 1%T 1%T g 2151\/ j___
- - 20
CIRCUIT BREAKER 731 20 D0
RESET CONTROL e DiN-2
S2 D2
=183 p3 HO |
r S4 D4 81_ tgaTe ~ 500ms
R6 - GND___ TIMER L. tpg - 600ms
15 2
3300 J_ L2 CTIMER
EARLY I 0.22uF
“MVOLTAGES = = 10V
ON
Figure 6. Supply sequencer application schematic with an LED indicating that the early
voltages have turned on. Note that the late supplies do not use the remote sense switches.
Linear Technology Magazine ¢ May 2004 5



ALY DESIGN FEATURES

Zero-Drift Op Amps Improve
Performance and Save Power

Introduction

The LTC2054 and LTC2055 are
single and dual low power zero-drift
operational amplifiers available in
SOT-23 (LTC2054), MS8 and DD
(LTC2055) packages. These are the
lowest power zero-drift amplifiers
available, and each offers the same
high performance, including low input
bias current (1pA typical), low offset
(3pV max) and drift (30nV/°C max)
up to 125°C while consuming only
130pA per amplifier. Similar ampli-
fiers require 0.8mA to 1maA to achieve
the same performance. Lower power
consumption enables longer battery
life or a greater number of amplifier
functions for any system.

The SOT-23 and DD packages
allow the use of either a single or
dual amplifier in just 3mm x 3mm.
The wide input common-mode range
extends from the negative supply to
0.5V below the positive supply while
the supply range runs from 2.7V to
6V for the LTC2054 and LTC2055 and
2.7V to £5.5V for the LTC2054HV and
LTC2055HV, allowing both low and
high supply voltage operation.

Performance and Features

Lowest Power Across

All Temperatures

The LTC2054 and LTC2055 feature
unprecedented low power dissipation,
150pA max over temp per amplifier
for the LTC2055 and 175pA max over
temp for the LTC2054. This is five to
seven times lower power than similar
amplifiers, and makes these amplifi-
ers ideally suited for battery-powered
applications such as remote sensing.
System design is simplified since the
supply current is nearly constant
over temperature (Figure 1), unlike
with other amplifiers that specify low
room temperature supply current
but allow much higher consumption
at temperature extremes. Start-up

250
225
200
17 LTC2054
150 ‘
125 LTC205

100
75
50
25

o

SUPPLY GURRENT (uA)

0
—40 -15 5 25 45 70
TEMPERATURE (°C)

Figure 1. Supply current (per amplifier)

85 125

current is also low, allowing the use
of charge pumps or Zener diodes for
supply regulation. Despite the low
supply current, the LTC2054HV and
LTC2055HV work just as well on +5V
supplies.

“This level of performance
is usually featured on
amplifiers that require five
to seven times the power of
the LTC2054 and LTC2055.”

Low Input Bias Current

The LTC2054 and LTC2055 boast an
incredibly low input bias current—just
1pA typical. This level of input cur-
rent allows the use of large value
resistors and small value capacitors

OPEN

T it

to 10sec

Figure 2. Precision low drift integrator

by Brendan Whelan

without adding significantly to input
offset. When used in an integrator
circuit (Figure 2), the LTC2054 and
LTC2055 exhibit nearly ideal DC
performance. The low offset maintains
output accuracy across six orders of
magnitude. The low input current
also minimizes input current noise
and clock feedthrough.

Wide Input Common-Mode Range
In order to take greatest advantage of
its low offset, typically less than 1V,
the LTC2054 and LTC2055 have high
CMRR (130dB typical) over a nearly
rail-to-railinput common-mode range.
The common-mode range extends from
the negative supply to one-half volt
below the positive supply. This means
that even at low supply voltages there
is stillalarge useful input range which
extends from the negative supply to
above the midsupply voltage. In addi-
tion, the common-mode range does not
decrease substantially at temperature
extremes as it does with most other
amplifiers.

No Performance Trade-Offs

Normally, enhancements like those
mentioned above require that the
circuit designer give something up.
Not with these devices. The LTC2054
and LTC2055 still maintain the high
performance of their predecessors.
High DC accuracy is retained with
a best-in-class 3pV max offset spec
and 30nV/°C drift. This low offset is
combined with extraordinarily high
CMRR and PSRR, 130dB each. High
DC gain, 140dB typical, allows appli-
cation in high gain circuits with low
residual gain error. Noise performance
is an exceptional 1.6pV peak-to-peak
in 0.1 Hz to 10Hz band, and clock
feedthroughislessthan 0.2nVgys, due
in part to the low input currents. This
level of performance is usually featured
on amplifiers that require five to seven

6
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times the power of the LTC2054 and
LTC2055.

All That and Small Size, Too

Many applications don't only require
precision; they need the smallest pack-
ages. In order to meet the demand for
higher density, the dual LTC2055 is
available in a 3mm x 3mm DD pack-
age. This allows the use of two high
precision amplifiers in the same board
space as a SOT-23. The LTC2054 is
offered in a low-profile 5-lead SOT-
23 (ThinSOT™) package. Applications
with limited board space need not sac-
rifice performance. Where space is not
such a premium, the LTC2055 is also
available in an MS8 package.

Applications

Current Sense Applications

Today’s drive toward portability and
power conservation has led to an in-
terest in current monitoring. Figure 3
shows a low-side current sense cir-
cuit. In this application, an LTC2054
is used to buffer the voltage across
a supply shunt resistor and convert
that potential to a current using Q1.
Because Q1 is in the amplifier loop,
the voltage across R1 is kept equal to
the voltage across the shunt resistor
to within 1pV. The current is then
routed through R3 via Q1 in order to
level shift the output.

A second LTC2054 sets the output
reference level and R3 adds gain to the
Signal so that VOUT = VSENSE o R3/R1 .
Resistor R2 does not affect the result
directly, but serves toreduce tempera-
ture-dependent voltage offsets which

occur due to thermal effects on the
circuit board. These offsets are usually
the result of thermocouples caused
by dissimilar metal junctions, such
as resistor lead to solder and solder
to copper trace. Additional offset
may be caused by a change in resis-
tor values or amplifier input current
over temperature. Adding a matching
element such as R2 helps to cancel
these changes by creating symmetrical
errors at the differential inputs.

DC accuracy is preserved by the
extremely low input offset of the ampli-
fiers. In addition, the low input offset
of these amplifiers allows the use of a
lowvalue sense resistor, thus conserv-
ing system power. For similar systems
which have supply voltages of 10V or
lower, two halves of an LTC2055 or

LTC2055HV may be used instead of
two LTC2054s.

Aless-obvious application for these
amplifiersis a high-side current sense.
Figure 4 exhibits a low power, bidi-
rectional precision high-side current
sense which can run on supplies up to
60V. This circuit uses an LTC1754-5
and a 1N4686 Zener diode to gener-
ate a high-side referred low voltage
supply for the LTC2054. As with the
previous circuit, the sense voltage is
reflected ontoR1, generating a current
through R3 which is proportional to
the current in the sense resistor. The
LTC2054 provides, with precise gain
and low offset, an output voltage that
is proportional to the sense current
on R3.

The LT1787HV level shifts the sense
output to ground, and provides bidi-
rectional output capability. The initial
gain of 125 provided by the LTC2054
ensures that theaccuracyis preserved
despite the use of aless accurate level-
shift circuit. As in the low-side current
sense circuit, the low input offset of
the LTC2054 allows the use of a small
sense resistor without giving up pre-
cision, even with relatively low shunt
currents.

Photodiode Amplifier
Figure 5 illustrates a circuit that uses
an LTC2054 as a transimpedance am-

continued on page 38
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Figure 4. Low power, bidirectional 60V precision high side current sense
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USB Power Controller/Charger
Reduces Both Design Time
and Battery Charge Time

Introduction

Rechargeable batteries are commonly
used to power portable Universal Se-
rial Bus (USB) devices, such as PDAs
or MP3 players. The USB itself can be
used to directly power the device or
charge a battery. The LTC4055 uses
PowerPath™ control to seamlessly
and efficiently steer the load to the
preferred source of power; all while
remaining within the specified USB
current limit; and charge the battery
with any available leftover current.
When the USBis present, the LTC4055
connects the USB power directly to the
load. When both the USB and a wall
adapter are present, the LTC4055 can
be configured to have the wall adapter
supercede the USB as the source of
power. These direct connections to the
load translate to higher load voltages
and greater efficiency.

USB hosts, or powered hubs, pro-
vide as much as 500mA from their
nominal 5V supply. The greater ef-
ficiency of running the load at the
USB supply voltage (instead of the
battery voltage) means there is more
current left in the 500mA USB budget
for charging the battery. Because the
battery is not in the power path while
the application is tied to the USB or
wall adapter, the application can be
powered even if the battery is low or

l130mA

CONSTANT
0.5W LOAD

a) Without PowerPath control

by Roger Zemke

5V (NOM)
FROM USB IN1
CABLE Vgys %19 | -
—{Vnte
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Figure 1. Standalone USB Li-Ion battery charger with PowerPath control from input to output and
battery to output—configured for 500mA USB current limit and 500mA maximum charge current.

dead. The same reasoning applies for
fully charged batteries. A fully charged
battery, which is not in the power path
until the USB or external power is re-
moved, stays fully charged. Figure 1
shows just how simple the PowerPath
control and battery charging in a USB
application can be implemented using
the LTC4055.

PowerPath

Let's examine how PowerPath control
reduces charge time. Assume the ap-
plication load is a DC/DC converter.
Such converters are effectively con-
stant power devices. The higher the
input voltage to the DC/DC converter
the lower the current draw. In a USB
application where the current is

500mA

USB ——=

5V

0.2Q

4.98V

l100mA

CONSTANT
0.5W LOAD

Li-ION

AT 3.85V l

b) With PowerPath control

Figure 2. PowerPath control increases available charging current (and reduces charge
times) over traditional methods. In this example, the increase is 30mA (8%).

limited, it makes sense to run the
converter at as high an input voltage
as possible. This minimizes the cur-
rent draw from the bus—leaving more
current for battery charging.

Figure 2 compares a topology that
includes the battery in the power path
to one that switches the battery out of
the power path when it is not needed.
Figure 2a shows a constant 0.5W load
tied directly to the Li-Ion battery. The
USB current is limited to 500mA and
the nominal battery voltage is 3.85V.
Thus, the current required to power
theloadis 0.5W/3.85V =130mA. That

600
7
7
Ve

500

400 N

7
\ 7" ltono
300 %
X
200 <

~ IBAT
e \ CHARGING
100 N

0

CURRENT (mA)

-100
0 100 200 300 400 500 600

ILoap (MA) (IDEAll?ﬁODE)
4055 F02a

Figure 3. Input and battery currents as a
function of load current in high power mode
with the current limit set to 500mA (R¢yprog =
100kQ) and the charge current set to > 500mA
(Rprog < 100kQ). Note that as load current
exceeds the USB current limit, the charge
current to the battery becomes negative.
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Figure 4. Simplified block diagram of the PowerPath control

leaves 370mA (500mA - 130mA) to
charge the battery. Figure 2b shows a
0.5W constant power load tied directly
to the USB through a sense resistor.
Thevoltage at theload is 4.98V and the
current required by the load is 100mA
(0.5W/5V). The current left for battery
charging is 400mA (500mA - 100mA),
an 8% improvement over the 370mA
available when the battery is in the
power path.

The LTC4055 has an internal
200mQ power switch that connects
the USB power to the load when the
USB is present. The result is the load
is running off of USB voltage instead
of the lower voltage of the battery. The
LTC4055has a unique current control
scheme that keeps the USB current
limited while charging a battery under
varying load conditions. This current
control scheme means thatas theload
current is decreased more current is
available for battery charging. Figure
3 shows a plot of the LTC4055’s in-
put and battery charge currents as a
function of the load current for the
application shown in Figure 1.

A simplified block diagram of the
PowerPath for the LTC4055 is shown
in Figure 4. It consists of the internal
current limited 200m< power switch
from the inputs to the output of the
LTC4055. There are two battery char-
ger paths within the LTC4055. The first
is the input charger from the input
to the battery and is meant for USB

charging. The other battery charger
path is the output charger from the
output to the battery and is meant for
charging the battery when an external
adapter is detected.

Aninternal ideal diode function pre-
vents reverse conduction from the load
to the battery when the load voltage is
greater than the battery voltage. This
same ideal diode function provides a
low forward drop (55mV typ. at100maA)
from the battery to the load if the load
current should exceed the USB limit
or if the battery is the only source of
power. The forward characteristics of
the ideal diode compared to those of
a Schottky diode are shown in Fig-
ure 5.

A wall adapter comparator is pro-
vided internal to the LTC4055 to detect
the presence of an alternate external
power source. When the wall adapter
isdetected, the comparator enables the
output battery charger and disables
both the power path from input to
output and the input battery charger.
When the wall adapter is present this
comparator is important to prevent
reverse conduction from the output
of the LTC4055 to the input or USB.
Figure 4 shows the connection of the
wall adapter to the output using a
power Schottky. The output of the
wall adapter comparator also drives
an open drain status pin (ACPR). This
status pin can be used to enable an
external power PMOS FET to make

a low impedance connection from
the wall adapter to the output of the
LTC4055, as shown in Figure 6.

Programmability

Input current limiting and battery
charge current are both independently
programmable. This allows the current
limit and the charge current to be tai-
lored to the application. An external
programming resistor (Reiprog) sets
the current limit for the 200mQ switch.
The battery chargers have their con-
stant current mode current set by an
external programming resistor (Rprog)
as well. The current limit program-
ming resistor also sets the maximum
battery charge current allowed for the
input charger and does notimpact the
output charger current. This allows
the output charger to be programmed
for something greater than the cur-

1000 v 35V
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Viy =0V /
800 4

700 //
= 600
i 500 /

5

= 400 /
300 /

200 /
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Figure 5. Ideal diode and Schottky diode
forward voltage versus current
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Figure 6. USB power control and battery charger application with a wall adapter
input configured to charge the battery at 800mA when the adapter is present.

rent limit when an external adapter
is available.

The input current limit and maxi-
mum input battery charge current (I)
is programmed as follows:

_ 50,000
RcLPrOG

The maximum battery charge cur-
rent (Icyg) is programmed as follows:

_ 50,000
RproG

Figure 3 shows input and battery
currents as a function of load current.
The input currentlimit is set to 500mA
by setting the current limit program-
ming resistor to 100k and the charge
current programming resistor to 100k
or less. Figure 7 shows the input and
battery charge currents for a case
where the battery is programmed
for something less than 500mA. In
this case the battery charge current
is programmed to 250mA by setting
the charge current programming re-
sistor to 200k.

USB Compatibility

The USB specification provides for two
power modes, high power (500mA) and
low power (100mA). The HPWR pin on
the LTC4055 selects the power mode.
The current limiting for the LTC4055
should be configured for the high
power mode and the power mode
control pin (HPWR) on the LTC4055
controls whether the current limiting is
set for high or low power. When operat-
ing in low power mode (see Figure 8)
the current limit is set for 20% of its

loL

CHG

programmed high power current limit
and the maximum charge current is
set to 16% of the programmed current
limit. Note that the current limit only
applies to currents from the input of
the LTC4055. The output charger
charges at the programmed charge
current.

The USB power specification states
that high power applications must op-
erate at voltages as low as 4.5V and
low power applications must operate
aslowas 4.35V. These voltages include
resistive drops in the cables and con-
nectors of the interface. This assumes
the cables and connectors are fully
USB compliant. In cases where resis-
tive drops exceed those anticipated by
the USB specification, the LTC4055
has a unique feature that allows it to
work properly under these conditions.
The undervoltage charge current limit-
ing feature reduces the charge current

600
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Figure 7. Input and battery currents as a
function of load current in high power mode
with the current limit set to 500mA and the
charge current set to 250mA (R¢rprog = 100k,
RPROG = 200k).

when the voltage at the input drops
below approximately 4.4V. This pre-
vents the input from dropping too far
and shutting off the charger. An abrupt
shutoffof current can cause the voltage
to rise again re-enabling the charger.
The voltage then drops and the cycle
repeats. The under-voltage charge
current limiting feature prevents this
drop out oscillation by adjusting the
charge current in an effort to maintain
a constant minimum input voltage of
approximately 4.35V.

The USB specification for low
power bus current is 500pA from a
device while in the Suspend state. The
LTC4055is designed to allow an appli-
cation to abide by this specification. A
suspend mode pin has been integrated
into the LTC4055 that cuts the bus
current to approximately 100pA. This
is accomplished by turning off input
charging and the input power path to
the load. If an external source is not
available in this mode, the application
remains active by drawing power from
the battery via the LTC4055's ideal
diode function.

Thermal Regulation

Thermal charge current regulation
within the LTC4055 protects the
part and surrounding circuitry from
excessive temperature, and allows the
user to push the limits of the power
handling capability of a given circuit
board without risk of damaging the
LTC4055. The internal thermal regula-
tion reduces the programmed charge

continued on page 12
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Figure 8. Input and battery currents as a
function of load current in low power mode
with RCLPROG = 100k and RPROG = 100k, the
current limit is 100mA and the charge current
is 80mA.
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An Accurate Battery Gas Gauge

Introduction

A battery fuel gauge can be imple-
mented in a variety of ways. The
most popular is to derive the remain-
ing battery capacity from the battery
voltage. This method has advantages
in that it is easy to implement and
relatively low in cost, but it does have
one major drawback: It is relatively
inaccurate. Battery voltage has, at
best, an inconsistent relationship
to battery capacity—the relationship
varies greatly depending on battery
discharge rate and temperature.

Thelatest portable devices, though,
require more accurate battery gas
gauging. For instance, a portable
computer or PDA may need to save
data, or state information, and shut
down when the battery reaches a
critical discharge point. Accurate
prediction of this point allows the
device to safely run longer on battery
power. For applications that require
accurate gauging, the LTC4150
coulomb counter is a compact and
easy-to-implement solution.

The LTC4150 measures the charge
flowing into and out of the battery
through a sense resistor. A voltage-
to-frequency converter transforms the
current sense voltage into a series of
output pulses. Each pulse corresponds
to a fixed quantity of charge flowing

into or out of the battery. The device
indicates the charge polarity as the
battery is depleted or charged. The
status of the battery can be accurately
predicted by a microcontroller, con-
nected via a simple 1-wire or 2-wire
interface.

Precision Integrator

Enables Charge Measurement
Charge is the time integral of cur-
rent. The LTC4150 measures battery
current by monitoring the voltage de-
veloped across a sense resistor and
then integrates this information to
determine charge. The block diagram
shown in Figure 1 shows how.

The current measurement is filtered
by capacitor CF connected across CF+
and CF- pins. This averages all fast
changes in current arising fromripple,
noise and spikes in the load, charge
current, or Burst Mode® operation of a
switching regulator. The filter’s output
is applied to an integrator with the
amplifier and 100pF capacitor at its
core. Switches S1 and S2 reverse the
ramp direction once the integrator’s
output reaches the REFHI or REFLO
levels. By observing the condition of
S1, S2, and the ramp direction, the
polarity is determined.

by Jumes Herr

A counter is used to effectively
increase the integration time by
a factor of 1024, greatly reducing
microcontroller overhead required
to service the interrupts from the
LTC4150. At each counter underflow
or overflow, the INT output latches low,
while simultaneously, the POL output
islatched toindicate the polarity of the
charge count. Once the interruptisrec-
ognized, the microcontroller resets INT
output with a low going pulse at CLR
pin. To simplify the connections, INT
and CLR pins can also be connected
together. In this case, the interrupt
signal lasts at least 1ps, enough time
for the microcontroller to register the
data, before the INT pin resets auto-
matically.

Coulomb Counting

The LTC4150’s transfer function is
quantified as a voltage to frequency
gain Gyp, where the output frequency
isthe number of interrupts per second
and the input voltage is the voltage
Vsensg across the SENSE+ and
SENSE- pins. The number of inter-
rupts per second is:

f=Gyre| Vsense |
Where:

VSENSE = IBATTEF{Y ° RSENSE

(1)

(2)

CHARGER )—¢—> LOAD

«
RSENSE <

IBAT

CONTROL
LOGIC

POLARITY
DETECTION

UFLOW

OFLOW/ t Q _H%-,_[:IWT

Dl »

counter | [y -
CLR
| UP/ON

CHARGE

POL

DISCHARGE

35

Y
1

] sron

Figure 1. LTC4150 block diagram shows how measured current, at the sense resistor, is integrated and converted to an integer count of charge.
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VSENSE = 50mV for the LTC4150,
therefore:

(3)

Since I ¢ t = Q, the coulombs of
battery charge per INT pulse (inter-
rupt interval) can be derived from
Equation 4:

f= GVF ° | IBATTERY ° RSENSE |

OneINT = Coulombs
Gvr *Rsense

4)

Battery capacity is most often ex-
pressed in ampere-hours:

1Ah = 3600 Coulombs )]

Combining Equations 4 and 5:

1
= Ah
3600 e Gyr ® Rsense

OneIN

—

or

1Ah = 3600 © Gy ® Rgeyse Interrupts (7)

The charge measurement can then
be scaled with a microcontroller.

High Side Sensing up to 8.5V

Figure 2 shows a typical applica-
tion design for a 2-cell lithium-ion
battery system with 500mA of maxi-
mum load current. Using Equation 2
to calculate Rgpysg = H50mV/0.5A =
0.1Q. With RSENSE = 019, Equation
6 shows that each interrupt corre-
sponds to 0.085mAh of charge with
Gyr = 32.55 Hz/V. A battery with
850mAh of capacity takes a total of
10,000 INT assertions to fully charge
or discharge.

POWER-DOWN
SWITCH
* o LOAD
2.5V —LCL
47uF 1
T
1
RL RL 1
3k 23k 1
1 — 1|10 1
SENSE* INT o—tT Feoeom——-- H
RsENSE LTC4150 GLR 12
0.1 3
2-CELL SENSE™ Voo 2
Li-lon CF* GND q“]HF
6V ~ 8.4V L uP

Cr
SHDN

6

POL

SHUTDOWN

Figure 2. A 2-cell lithium-ion battery gas gauge

The LTC4150 can be shut down,
when not needed, to a low current
mode (1.5pA max) reducing the drain

on the battery.

Accurate Prediction
of Battery Capacity

The factors that affect the accuracy of
the capacity prediction are the input

0.5
0.4

0.3
0.2

/TN

/

0.1

\

/

/
B 4
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-0.3 /

-0.4
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CURRENT SENSE VOLTAGE (mV)
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Figure 3. Integral nonlinearity of
the LTC4150 is within 0.3% over
the entire sense voltage range.

offset voltage, the integral nonlinearity
error (INL), the tolerance of the sense
resistor, and the self-discharge of the
battery. The self-discharge rate of a
Li-lon type of battery is around 2%-4%
per month at room temperature. The
LTC4150 has 0.3% of INL error across
the input and common mode range,
see Figure 3, and 150pV of input offset
voltage.

Conclusion

The LTC4150 offers a simple and com-
pact solution for high side coulomb
counting/battery gas gauging for bat-
tery voltages up to 8.5V(2-cell Li-Ion
or 6-cell NiCd or NiMH batteries). The
only required external components are
the sense resistor and a filter capacitor
to average out transient events and
ripple current. £7

LTC4055, continued from page 10

current if the die temperature attempts
torise above a preset value of approxi-
mately 105°C. Another benefit of the
LTC4055 thermal regulation is that
charge current can be set according
to typical, not worst-case, ambient
temperatures for a given application
with the assurance that the charger
will automatically reduce the current
in worst-case conditions. Thermal
regulation simplifies design, maxi-
mizes charge current and prevents
overheating.

Conclusion

The LTC4055is a complete PowerPath
controller and Li-Ion battery charger
for portable USB applications. The
LTC4055 is designed to provide de-
vice power and Li-Ion battery charging
from the USB while maintaining the
current limits imposed by the USB
specification. This is accomplished
by reducing battery charge current
as output/load current is increased.
The available bus current is maximized
to minimize battery charge times.

The LTC4055’s versatility, sim-
plicity, high level of integration and
small size makes it an ideal choice
for many portable USB applications.
The LTC4055 is available in a small
16-lead low profile 4mm x 4mm QFN
package. L7

for
the latest information
on LTC products,
visit
wwuw.linear.com
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Tiny Device Drives 20 White LEDs from

a Single Cell Li-lon Battery

Introduction

White LEDs are gaining popularity as
the backlighting source for the LCD
displays used in handheld devices,
mainly due to their improved efficiency
and shrinking costs. White LEDs are
also making inroads into the larger
LCD displays used in automotive in-
strument panels and car radios. The
LT3466 simplifies the task of fitting
the LED driver circuitry into the lat-
est devices by providing a dual high
efficiency, constant current white LED
driver in a space-saving 3mm x 3mm
DFN package. The LT3466 is designed
to drive up to 20 white LEDs from a
single cell Li-lon battery input with
greater than 80% efficiency. It also
provides space- and component-sav-

ings with integrated Schottky diodes
and internal compensation.

About the LT3466

Figure 1 shows a block diagram of the
LT3466 with its two independent, but
identical, step-up converters capable
of driving asymmetric LED strings.
The step-up converters are designed
to drive the series connected LEDs
with a constant current, thus ensuring
uniform brightness and eliminat-
ing the need for ballast resistors.
LT3466 incorporates internal 44V
power switches and Schottky diodes.
Switch current limit is guaranteed to
be greater than 320mA over the full
operating temperature range. A low,

by Gurjit Thandi

200mV, high accuracy (+4%) reference
voltage is provided to program the LED
current.

The step-up converters use a cur-
rent mode topology to provide excellent
line and load transient response. In-
ternal feedback loop compensation of
LT3466 allows the use of small ceramic
capacitors at the output. The built-in
over-voltage protection circuit clamps
the output of either converter to 42V
if the LED string connected to that
output fails open-circuited. Internal
soft-start is provided for each step-
up converter, thus minimizing inrush
current during start-up.

The switching frequency of LT3466
can be programmed over a 200kHz

Vin
=
L1 IT Rr L2
2 18] 131 4
SW1 Rt Vin
c2 c3
OVERVOLT OVERVOLT ==
- DETECTION 0SC DETECTION -
v DRIVER DRIVER v
® — [l e— osc UM 7
I/J LOGIC RAMP LOGIC I/J
~ f + GEN + 1 ~
0SC 0SC
I//\\// A3 M A3 I//\\//
Iﬂ/ = = Iw
PWM PWM I
7 \ 424
v
I REF 1.25V
7 "
I CONVERTER 1 CONVERTER 2
% SHDN —
L rp1 FB2 |
0| [o14
RrB1 START-UP Rrg2
CONTROL
= EXPOSED =
PAD
CTRLA1 |1—1|

Lof

Figure 1. LT3466 block diagram
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Figure 2. Correlation of feedback voltage (Vgg)
to control voltage. The current (dimming) in
the LED string is given by I zp = Vpg/Rpp.

to 2MHz range by means of a single
resistor from the Ry pin to ground.
The LT3466 operates from awide 2.7V
to 24V input voltage range, making it
suitable for a wide range of applica-
tions.

The device features independent
shutdown and dimming control of
the two LED strings. The current in
each LED string can be shut off by
pulling the respective control (CTRL1
or CTRL2) pin voltage below 50mV.
Dimming for each LED string is
achieved by applying a DC voltage to
its respective control pin. When both
CTRL1 and CTRL2 pin voltages are
pulled below 50mV, the device enters
total shutdown.The dimming feature
for the LT3466 can be best understood
by referring to the block diagram in
Figure 1. The amplifier Al (present in
both converters) has two noninverting

3VTO 5V

‘ Ciy L
wF
% = ¥
L2
‘:\;\\I 15uH I//\\;/
I Viy  SW2 c
) : Vour2 1BET2
\X\I = LT3466 =
T

FB1 FB2
CTRL1 Ry CTRL2

Cyn: TAIYO YUDEN JMK107BJ105
Couyr1: TAIYO YUDEN EMK212BJ474
Couyte: TAIYO YUDEN LMK212BJ105
L1, L2: MURATA LQH32CN150

Figure 3. Low profile (max height < 1.7mm),
single cell Li-Ion powered, six (4/2) white LED
driver circuit

inputs and a single inverting input.
An internal 200mV (+4%) reference
voltage is connected to one of its
noninverting inputs. An input voltage
equalto 0.2 ¢ Vg, is connected to the
second noninverting input of Al. The
inverting input of Al is connected to
the cathode of the lowest LED in the
string and the feedback resistor.

The LED current in each string is
given by:
lLep = i

Rrs

Thus, a linear change in the feed-
back voltage results in a linear change
in the LED current. The amplifier Al
regulates the feedback pin voltage as
a function of the control voltage as
given by:
VFB =02 VCTRL s When 0.2V < VCTRL <1V
VFB =0.2V , When VCTRL > 1.6V

As the voltage at the control pin is
ramped from 0.2V to 1.6V, the respec-
tive feedback pin voltage changes from
40mV to 200mV. When the control
voltage is taken above 1.6V, it does
not affect the feedback pin voltage. Fig-
ure 2 shows the correlation between
the feedback voltage and the control
pin voltage.

Main and Sub-Display
Backlighting for Cell Phones
A typical application of the LT3466
is as a driver for dual backlights in a
cell phone. Present day, flip style cell
phones typically use four white LEDs
(with the phone open) for backlighting
the main display and two white LEDs
(with the phone closed) for a sub-dis-
play. Each of the backlights requires
independent dimming and shutdown
control. Figure 3 shows a Li-lon bat-
tery powered 6-LED (4-LED main and
2-LED sub) backlight system. LT3466
allows for independent dimming con-
trol of the main and sub display via
the CTRL1 and CTRL2 pins.

Board real estate is at a premium
in cell phones and the circuit shown
in Figure 3 minimizes the number of
external components and provides a
complete system solution with maxi-
mum component height under 1.7mm.
The LT3466 is designed to run at a

85

Viy = 3.6V
4/2 LEDs
80 —
75 -
é 70 4
=
E 65 /
[
w
60
55
50
0 5 10 15 20

LED CURRENT (mA)
Figure 4. Efficiency for Figure 3's circuit

1.25MHz switching frequency via the
selection of the Ry resistor. The choice
of high 1.25MHz switching frequency
allows the use of space saving low-
profile inductors and tiny 0805 size
ceramic capacitors, while maintaining
high system efficiency. Figure 4 shows
the efficiency of the circuit. The typi-
cal efficiency at 3.6V input supply is
81% with both the LED strings being
run at 20mA.

Figure 5 shows the transient re-
sponse of the circuit to a step in the
current of the 4-LED string from 10mA
to 20mA. The inductor current transi-
tion is smooth and has a well-defined
steady state ripple, which results in a
lower output voltage ripple. This re-
duces the size and cost of the output
filter capacitor and allows the use of
a small 0.47pF (16V, X7R dielectric)
0805 case size ceramic output ca-
pacitor.

Single Cell Li-Ion-Powered,
20-White-LED Driver Circuit
Using all Ceramic Capacitors
Large color LCD displays used in
present day GPS systems and other
handheld devices may require up to
20 white LEDs for backlighting while

VOUTW

(AC-
COUPLED) jen
1v/DIv |

Iy
200mA/
DIV [

CTRL1
2V/DIV

50ps/DIV

Figure 5. Transient response for
Figure 3’s circuit. Current in the 4-LED
string is stepped from 10mA to 20mA
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Figure 6. High efficiency, single cell Li-Ion
powered twenty (10/10) white LED circuit uses
all ceramic capacitors

running off a single Li-lon cell. The
LT3466, with its internal 44V power
switches and Schottky diodes, is well
suited to drive up to ten white LEDs in
series at each output. In order to drive
tenwhite LEDs in series, the converter
needs to generate up to a 40V output
voltage (the forward voltage drop of a
white LED being 3V to 4V). Figure 6
shows 20 white LEDs powered by
single cell Li-lon battery.

To drive ten LEDs per output from
a single Li-lon cell, the converter
must run at a high duty cycle of 94%

90

Viy = 3.6V
10/10 LEDs
85

80 /

EFFICIENCY (%)
~
ol

70

65

60

0 4 8 12
LED CURRENT (mA)

Figure 7. Efficiency for Figure 6’s circuit

(typical). The unique architecture
of LT3466 allows it to achieve high
duty cycles by switching at a lower
frequency. In the circuit shown in Fig-
ure 6, the LT3466 is designed to run
at a switching frequency of 350kHz.
The circuit of Figure 6 uses low profile
inductors and all ceramic capacitors.
Figure 7 shows the efficiency vs LED
current for the circuit. The typical ef-
ficiency at 3.6V input supply is 83%
with both the LED strings being run
at 12mA.

Ifeither of the 10-LED strings must
be run at greater than 12mA, then
it is necessary to power the LT3466
with a higher input supply voltage. The
LT3466 is capable of driving 20 white
LEDs at 20mA when powered from two
Li-Ion cells connected in series. Con-
sult the LT3466 data sheet for more
details on the application circuit.

Lighting up Automotive
Instrument Panels:

A 50-White-LED Driver
Operates from a 12V Supply
The LT3466's wide inputvoltage range
makes it ideal for automotive appli-
cations. White LEDs are commonly
used for providing the backlight for
automotive instrument panels and car
radio displays. In these applications,
the white LEDs must be powered
by a constant current to guarantee
consistent light intensity and uni-
form brightness. Figure 8 shows the
LT3466 powering 50 (two banks of 25)
white LEDs from a 12V input supply.
The circuit is configured as a voltage
tripler to produce output voltages in
excess of 90V. This allows a string
of 25 LEDs to be connected at each
output, resulting in constant current
and uniform brightness.

In Figure 8, the LT3466 is config-
ured to operate at a 2MHz switching
frequency by the choice of the 20.5kQ
Ry resistor. This ensures that the ra-
diated switching noise falls outside
the AM radio band. High switching
frequency also allows the use of low-
profile inductors and surface mount
ceramic capacitors. Figure 9 shows
the efficiency for the circuit. In this
application, LT3466 delivers 2.4W
output power with 83% efficiency. The
thermally enhanced 3mm x 3mm DFN
packaging (with exposed pad) of the

continued on page 18
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12V 1y
I WwF ¢
= ————
01uF W7 :
v i | " —V
LED1 L1 L2 T I:)2| H $/J LED2
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Figure 8. 50 white LEDs powered by a 12V input using low profile surface-mount components
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Fully Differential Gain-Block Family

Simplifies Interface Designs

Introduction

The LTC1992 product family provides
simple amplification or level transla-
tion solutions for amplifying signals
that are intrinsically differential or
need to be made differential.

The LTC1992 is available with un-
committed gain (base LTC1992), or in
fixed gain versions with space-saving
on-chip factory-trimmed resistors—
namely, the LTC1992-1, LTC1992-2,
LTC1992-5, and LTC1992-10, where
the nominal gain is indicated by the
suffix dash-number.

Figure 1 shows a typical gain-of-
10 application where all gain setting
components are included in the tiny
MSOP-8 package. The device offers
output common-mode control that
operates completely independent
from the input common-mode of the
applied signal. The inputs and out-
puts can be used either differentially
or single-ended as needed.

The LTC1992 family operates with
supply voltages from 2.7V single-sup-
ply to #5V and typically consumes
<lmA.

Easy to Use Circuit Topology

The block diagram in Figure 2 shows
the general configuration of the dif-
ferential-in/differential-out CMOS
amplifier core, along with an output
common-mode servo. The values of
the on-chip gain resistors depend
on the version of the device as indi-
cated. A convenient on-chip 200kQ
voltage-divider resistor network is

+5V
3

also provided to support applications
where a source of mid-supply potential
(V) is needed.

The LTC1992 is easy to use. Any
signal difference at the inputs (within
the input common-mode range) is
amplified and presented as a voltage
difference at the output pins, with
a gain bandwidth product of about
4MHz. The differential gain, A, is set
by resistor values:

Re
R

The configurable-gain LTC1992 (no
dash suffix) provides any desired dif-
ferential gain by selection of external
resistors, and offers flexibility for other
specialized uses. Small input common-
mode induced errors, primarily caused
by mismatched resistor values, appear
at the output as differential error. The
virtue of using the LTC1992 versions
with on-chip precision resistors, be-
sides the space savings, is that a high
CMRR (>55dB) is assured without the
expense of outboard precision resistor
networks.

Setting the common-mode (shared
offset) of the output pair is a straight-
forward matter of providing a Vooy
control voltage, and in most applica-
tions this input is simply connected
to the Vyyp pin. The output servo com-
pares the Vcy input with the (V, oyt +
V_our)/2 signal generated by the 30k
resistor pair and makes a correction
voltage that is applied to both outputs

LTC1992-10 Vs

W Vi
150k (1V/DIV)

4 \/\+5V
-5V

+HV oy 15k
Vin r\J —TWv - 3
—V Vocm >
8 —
I 1

+5V
5 f\J —out
5y |
(5V/DIV) ’

+0UT

by Jon Munson

without disturbing the differential
signal being produced. Driving Vocy
with Vyp automatically provides the
greatest output dynamic-range. The
output common-mode servo provides
a bandwidth of about 50% of the main
differential path, making it possible to
use the Voo input for signal functions
if desired.

Easy Conversions Between
Differential and Single-Ended
The LTC1992 family is especially use-
ful for making conversions to or from
differential signaling. Analog to Digital
converters (ADC’s) are often optimized
for differential inputs with a specific
common-mode input voltage. Use of
an LTC1992 amplifier makes the ADC
interface very simple by using the Voo
control feature to establish the requi-
site offset. In many cases the mid-scale
potential is provided by the ADC and
canbe tied directly to the Vo input. In
addition, the source-signal input may
then be differential or single ended (by
grounding the unused input) or have
inverted polarity. One particularly
effective use of the LTC1992 is in a
situation shown in Figure 3, where
a ground referenced bi-polar input
signal needs level translation and
possibly gain for proper operation
with subsequent circuitry- and no
negative supply is available.

It is not necessary to connect to
both outputs, so one can treat the
LTC1992 as single-ended, thereby

10ps/DIV

Figure 1. Single-ended to differential gain-of-10 amplifier
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LTC1992

-Vs—>
N

Vmip
Vocm E

+IN

Figure 2. LTC1992 functional block diagram

permitting the Vo input torepresent
a third algebraic input term in addi-
tion to the basic differential input pair.
Figure 4 shows the LTC1992-2 used
for single-ended arithmetic processing
of three discrete input signals with no
external components. This capability
is very useful in performing analog
addition or simple translation func-
tions. The LTC1992 family of devices is
ideal for amplifying differential signal
sources, such as acoustic transducers
or power-line current monitors and,
if required, converting the result to
single ended.

Differential

Transimpedance (TIA) Preamp
A differential TIA topology has the
potential of providing an S/N im-

10k
——MWA——

provement over a single-ended TIA
with the same V/I by eliminating the
common-mode component of the input
noise. Figure 5 shows a photodiode TIA
with a fully differential topology. The
output common-mode is established
with Voey as described previously,
and the photodiode common-mode
floats to the same value. This circuit
maintains a OV bias on the photodiode,
regardless of the photocurrent flow-
ing. As with a conventional TIA, the
value of Cy is chosen to compensate
for the photodiode and other stray
capacitance. The circuit in Figure 5
has a bandwidth from DC to 20kHz,
with a measured output noise spec-
tral density less than twice the noise
of the resistors alone (1.1nV/VHz at
20kHz).

5V —
/.\ 10k
ov \\‘// Vin—A

-5V

(-3 [CHN ENY [N

5V
\Q -y
= 4t ‘£2.5V

Vmip >
LTC1992
Vocm

— 0V

INPUT SIGNAL "=
FROM A
+5V SYSTEM

0C|
+ -
5
6
10k

L w—

5V
%2.5v
Z_ov
OUTPUT SIGNAL

FROM A
SINGLE-SUPPLY SYSTEM

Verify Operational
Common-Mode Range

For a given input common-mode volt-
age (Viyem) and output common-mode
voltage (Vocwm), the designer needs to
verify that the internal amplifier in-
put common-mode (Vicy) is within
the specified operating range of -Vg
- 0.1V to +Vg - 1.3V. With a standard
differential amplifier topology having
gain of A, like that of the fixed gain
versions of the LTC1992, the following
relationship holds:

A
Viem = —— ¢ Vinem + *\Voem

A+1 A+1

For example, assume an LTC1992
(no suffix) is powered from +5V, con-
figured for a gain of 2.5, Voo is tied
to Vyp (i.e. 2.5V), and the circuit is
driven from a source with a common-
mode-voltage of OV. From the relation
above,

25,
3.5

which is well within the performance
range of the part. Note in this example
that the differential inputs may swing
1V below ground without clipping ef-
fects or the need for a minus rail.
The fixed-gain versions have an
additional input limitation due to
the possibility of forward biasing the
ESD input protection diodes (shown
in Figure 2), which limit the maximum
allowable signal swings to about 0.3V
beyond the supply voltages (while
the configurable-gain LTC1992 also
includes the ESD diodes, conduction
can only occur outside the usable Vicy
range). For single-ended inputs like
shown in Figure 3, the applied input
common-mode voltage (Viycy) is dy-

1
Viem = 0+-—e25=0.71V
ICM + 35

10ps/DIV

Figure 3. Handling bipolar signals with a single supply
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—— ()
S

V1'=Vina + Ving — Vine
V2 =-ViNa + Ving + ViNe

Figure 4. Easy arithmetic processing
of single-ended signals

namic and has extremes that are 50%
of the input swing (Viycyis #2.5Vin the
Figure 3 example). The V¢ equation
above is used with both the upper and
lower dynamic Viycy values to verify
single-ended operability.

Common-Mode

Input Range Extension

The configurable-gain LTC1992 makes
it possible to extend input common-
mode capability to well outside the
supply range by selecting gain below
unity and/or introducing common-
mode shunt-resistors (see Rgin Figure
6). The drawback to the shunt-resistor
method is that component tolerances
of R and Rg become magnified by
approximately the gain of the circuit,
leading toreduced CMRR performance
for a given resistor tolerance. For

3VTO 10V

.

2
Vmip
IR PHOTODIODE
LTC1992 > V,
(SFH213FA)! 2 voom > out
24

TRANSIMPEDANCE: Voyt/lpp = 20MQ
COMPENSATION: Cf < 1pF

Figure 5. Fully differential
transimpedance amplifier topology

low-gain operation, common-mode
extension to beyond 35V is realizable
with the use of high-accuracy resistor
networks.

Conclusion

The LTC1992 family of differential
amplifiers offers easy-to-use building
blocks that provide simple, minimum
component-count solutions for a wide
range of applications, including conve-
nient methods of transforming signals

Rg R

aPRe
GAIN: A= Re
Rs
Rg +Rs
_ Aem=Vinem , M= Vocwm
Viewm = A+m A+m
EXAMPLE: ASSUME A =1, m = 0.1, 5V SUPPLY, Vgom = 2.5V
THUS: R = Rg = 30.1, Rg = 3.32K, 3.6V < Vg < 38V
FOR 0.1% RESISTORS, CMRR > 48dB

COMMON MODE SCALING: m =

Figure 6. Extending input common-mode range

to/from differential form, providing
component-free gain, or generating
DC level-shifting functions. The ver-
sions that include on-chip precision
resistors save space and reduce costs
by eliminating expensive precision
resistor networks. The configurable-
gain LTC1992 saves cost by allowing
single-supply applications to support
input signal swings that exceed the
supply-voltage window without ad-
ditional design complexity. £r

LT3466, continued from page 15

LT3466 enables it to drive as many
as 50 white LEDs from a 12V input
supply. Figure 10 shows the switching
waveforms for the circuit.

Conclusion

The LT3466 is a dual white LED driver
designed to drive up to 20 white LEDs
from a single Li-lon input. Integrated
power switches, Schottky diodes, and
availability in a space-saving (3mm x
3mm) DFN package make LT3466
an excellent fit for handheld appli-
cations. The wide operating voltage
range and high frequency capability
of the LT3466 enables it to meet the
backlighting needs for automotive

Vin =12V
L (Ac COUPLED)
g0 | 2925 LEDs / VDIV
SW1
" /’ ...
> 70
% / 100mV/
2 8 DIV
60
0. ZUS/DIV
% Figure 10. Switching waveforms for
Figure 8's Circuit. Each set of 25
50 0 5 10 15 white LEDs driven at 15mA

LED CURRENT (mA)
Figure 9. Efficiency for Figure 8's circuit

instrument panels and car radio dis-
plays as well. Features like internal
soft-start, open LED protection and
internalloop compensation reduce the

number of external components, thus
reducing the overall cost and size of
the white LED driver circuit. £7

Toviewthisiand'pastissuiesiof’LI"Magazinelonline; sege

hitpy/wwwilinearscom/go/itmag
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Triple Output LCD Power Supply
Delivers 95% Efficiency from a

Tiny 3mm x 3mm Package

Introduction

Today’s handheld products pack more
functionality in less space while de-
manding improved battery life over
products of the previous generations.
The only way to achieve both is to im-
prove power efficiency in the device
wherever possible. The color LCD dis-
play system is a good place to start,
since itis an increasingly popular, but
power hungry feature. The LTC3450
improves battery life and saves space
by delivering a 95% efficient color LCD
bias solution in a low profile (0.8mm
tall), 3mm x 3mm package.

Figure 1 shows a block diagram of
the LTC3450—a complete triple output
LCD power converter—in a low noise
5.1V, 10mA output synchronous step
up DC/DC converter. The charge pump

L1

based voltage tripler develops a 15V
output and a voltage inverter develops
-10V. The 15V and -10V outputs are
used in the LCD display for VGL and
VGH supplies, while the 5.1V output
is used to provide the main panel
power. The 5.1V converter switches
at a constant 550kHz, which enables
very low AVpp ripple voltage even when
using tiny ceramic capacitors and one
small inductor. The output voltages
of the LTC3450 are sequenced to be
compatible with color LCD displays
with AVpp powering up first followed
by VGL and then VGH.

The LTC3450 also provides inrush
current limiting during start-up (Fig-
ure 2), as well as output disconnect
and active discharge in shutdown

by John Buzinet

mode. The LTC3450 is stable with
ceramic capacitors and its internal
compensation eliminates the need
for an external R-C compensation
network. The LTC3450 also features
a wide input voltage range of 1.5V to
4.6V, making it compatible with a wide
variety of battery or fixed DC voltage
inputs. Very low quiescent currents
allow the LTC3450 to deliver excellent
efficiency over the entire input voltage
range (Figure 3).

Power Saving Mode

Some types of color LCD displays
switch toan ultralow power state while
the display is static, which allows for
increased battery life. The LTC3450
supports this mode of operation by

Vin 47uH AVpp
1570 — N .
46V | |J8-|SW |J7_I\,0UT ! o, STvomA
c1 L] 2.00F
oot T T T
_[V'N —xo S RonayS | sHuTDOWN —
CONVERTER CHASGE PUMP CF1
= DOUBLER
, " 0.14F
— ouT rY 10V
s
OSCILLATOR J SHUTDOW! I1}1F
550KkHz =
69kHz
MODE
BLANK [ SCAN 4 CHARGE PUMP -
y TRIPLER 01uF
SHON . VGH (3 x AVpp)
ore[on 5 |—> GLOBAL SHUTDOWN * out T o 1ovs0oua
@)
SHUTDOWN —»&_ T 0.47uF
CHARGE PUMP CF3
 WVERTER 01uF
V6L
— ouT *
—~10V/500pA
Lo W
T 04nF

LTC3450

Figure 1. LTC3450 block diagram
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Figure 2. AV, turn on showing inrush current limiting
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Figure 3. LTC3450 AVy, efficiency
vs Viy and load current
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Figure 4. 5.1V, 15V, -10V application circuit and efficiency

reducing its own quiescent current to
a mere 30pA from the battery while
maintaining all three regulated voltage
outputs. This “Blank” mode operation
is programmed via the Mode pin of
the LTC3450. Driving the SHDN pin
low reduces the LTC3450’s quiescent
current to 10nA (typical) and all three
voltage outputs are actively discharged
to ground.

LCD Bias
Power Supply Circuits
Figure 4 shows a 1.5V to 4.6V input
to a triple output (5.1V/10mA, 15V/
500pA and -10V/500pA) application
circuit. Greater than 90% efficiency is
maintained over the Li-Ion battery’s
voltage range. This is far superior to
anall charge pump approach that can
only deliver efficiency approaching the
LTC3450 when Viy is approximately
1 / 2 of AVDD'

Figure 5 shows a 1.5V to 4.6V in-
put to 5.1V/10mA, 15V/500pA and

-15V/500pA converter circuit. A tiny
external dual diode is added to the
circuit to get the converter to deliver
the -15V and 15V outputs together.
Figure 6 shows a 1.5V to 4.6V input
to 5.1V/10mA, 15V and -5V circuit.

Peak efficiency is greater than 90%.
The magnitude of the negative output
voltage (VGL) is equal to the positive
voltage applied to Viyy. Viyy is con-
nected to either AVpp (for -5V), V2X
(-10V), orwith the dual diode (Figure 4)

continued on page 24
L1
15v\4|g M _ Avpp
T 46V 5] 8 [7 T2 Y 5.1V/10mA
—_l_—2.2uF 6| sw Vour_ |44 2.2uF—_l_—
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I L AT
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o G TN .
= Vneg C37 C3* A A 0
0.1uF C5

0.1pF

s

VGL

~15V/500pA
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Figure 5. 5.1V, 15V, -15V application circuit
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A Low Loss Replacement
for an ORIng Diode

Introduction

ORing diodes are used to connect
multiple supplies together to increase
reliability (through supply redundan-
cy) or to increase total power. A diode
also allows a supply to disconnect if
it has insufficient voltage.

At high power levels a Schottky
diode is usually chosen as the OR-
ing diode because of its relatively low
forward drop (0.35V to 0.6V). But at
higher currentlevels even a Schottky’s
forward drop creates significant power
loss.

A better alternative is the LT4351
controller, which turns a power N-
channel MOSFET into a near ideal
diode suitable for high power ORing
applications. The low Rpgy) of the
external MOSFET provides for low
on resistance when conducting, while
the LT4351 maintains a scant 15mV

FROM INDIVIDUAL SUPPLY
Vi ¢

forward voltage across the MOSFET
when lightly loaded.

By way of comparison consider a
10A at 5V (50W) supply. Under these
conditions, a Schottky diode with a
forward voltage of 0.45 (SBG1025L)
dissipates 4.5W of power—a 9% effi-
ciencyloss. The LT4351 using a power
MOSFET with a 3mQ on-resistance
(Si4838DY) dissipates only 0.3W and
creates a 0.03V drop. This is only a
0.6% efficiency loss and the voltage
tolerance of the supply also improves.
The LT4351 works with inputs down to
1.2V, where efficiency improvements
are even greater

My Diode Can't Do That

Figure 1 shows the block diagram of
the LT4351. In addition to its basic
performance advantages over a diode,

by Rick Brewster

the LT4351 provides, features that a
diode cannot. Input comparators
serve to detect an undervoltage or
overvoltage input supply and disable
the MOSFET switch for an out-of-
range supply. The comparators also
provide a way to manually turn off
power from a supply as well. The
FAULT output sinks current during
undervoltage or overvoltage indicating
that the MOSFET is off and an input
fault exists.

The LT4351 uses an amplifier to
drive the MOSFET gate. This amplifier
attempts to maintain approximately
15mV across the MOSFET (input to
output). If the Rpgoy) of the MOSFET
is too large it applies maximum gate
voltage and the forward drop is
[ * Rpson) The gate voltage clamps
at 7.5V above the lesser of the input

[
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’l,10.7V
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or output to help prevent against gate
oxide breakdown in the MOSFET. The
strong gate drive amplifier can turn
off the MOSFET in under 1ps so that
minimal reverse current flows in the
event of an input short. This strong
amp also provides quick recovery from
supply glitches.

Either single MOSFETs or back-
to-back MOSFETs can be used.
Back-to-back MOSFETS are used to
block reverse conduction through the
MOSFET body diode. A LT4351 with
back-to-back MOSFETSs disconnects
the output from an input overvoltage
condition, something a normal diode
cannot do.

The UV and OV pins use hys-
teresis to reduce the probability of

triggering a false undervoltage or
overvoltage condition. The UV pin
uses current hysteresis. When the
UV pin drops below the UV threshold
(an undervoltage fault), 10pA of cur-
rent is drawn from the externalresitive
divider. This allows the user to set the
desired hysteresis level by choosing
the appropriate resistor values in the
divider. The OV pin has an internal
filter that reduces the response to
small pulses.

The LT4351 STATUS pin provides
indication of the MOSFET state. When
the input is greater than the output
and the gate to source/drain voltage
is greater than 0.7V, STATUS sinks
current indicating that the MOSFET

should be on. If the input to output
voltage exceeds 210mV and the GATE
voltage is at its maximum (clamped),
FAULT turns on indicating a possible
non-functioning MOSFET.

The LT4351 also contains a boost
regulator that generates the Vpp sup-
ply to power the MOSFET gate driver.
The boost regulator output current
strength allows for quick charg-
ing of the Vpp supply and supports
higher gate drive currents. Thus, the
MOSFETs can be turned on quickly
during start up and can be quickly
turned on and off during normal op-
eration. The regulator only requires
a small 4.7pH to 10pH inductor,
Schottky diode and capacitor.
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Dual 5V Example

Figure 2 shows an example of a redun-
dant 5V supply. In the event that one
supply goes down, the back up supply
would take over. In this application,
back-to-back MOSFETs are used to
prevent the body diode of the MOSFET
from conducting in the event that a
5V supply looses regulation and goes
into an overvoltage condition.

Resistive dividers from IN to UV and
OV set the fault detection thresholds.
In this example the UV fault occurs
at 4.5V with 0.25V of hysteresis and
the OV fault occurs at 5.5V.

L1 and D1 are the boost regulator
components. The LT4351 createsaVpp
supply of 10.5V above IN. If an external
supply that can provide sufficient gate
drive is available, that supply can be
used instead of the boost regulator.

The MOSFETs are sized based on
desired voltage drop with consider-
ations for power dissipation. In this
case the Si4838DY has a worst case
4.5mQ Rpgoy) (at temperature) so
the back-to-back pair is 9mQ. These
MOSFETs come in SO-8 packages
so if power is limited to 1W in each
then they can handle 14.9A. The

voltage drop across both MOSFETs
at this current is 2 ¢ 4.5mQ ¢ 14.9A
=0.134V. If more current is required,
use MOSFETs with lower Rpg(oy) and/
or better thermal resistance, or add
parallel MOSFETs.

The LT4351 is useful in any ORing
situation benefiting from low power
dissipation—not just redundant sup-
plies. Different types of power sources
can also be ORed together, and be-
cause the LT4351 diode function is
gated, power sequencing of different
supplies is relatively easy.

For example, Figure 3 shows a
system with two redundant supplies
and a battery backup. The two redun-
dant supplies are ORed via the ideal
diodes, so power is delivered from
the higher of the in-range supplies.
Their undervoltage and overvoltage
thresholds are set based on the input
supply range. The LT4351 circuit for
the battery disconnects the battery
when power is supplied from either
system supply. Its OV pin is above
threshold if the FAULT is off on ei-
ther system supply (UV is set above
threshold). If both system supplies are
disabled (FAULT of both systems are

low) then the battery’s LT4351 OV pin
is pulled below threshold to allow the
battery to provide power .

Figure 4 shows an example of com-
bining the LT4351 ideal diode function
with a Hot Swap controller. This can
be used to create ORed redundant
supplies on a plug-in board. The
Hot Swap controller provides current
limiting, circuit breaker functions and
reset timing while the LT4351 provides
the ideal diode behavior.

Conclusion

The trend in today’s power supplies
is toward higher currents, lower volt-
ages, higher efficiency and increased
reliability. These needs are forcing de-
signers away from traditional Schottky
ORing diodes. The LT4351 provides an
improved ORing solution by controlling
low Rpsion) MOSFETS to create a near
ideal diode. In addition the LT4351
addsincreased functionality with sup-
ply monitoring that can disable power
path conduction. An LT4351 solution
has significantly lower power dissipa-
tion than a Schottky diode and offers
protection features that a Schottky
cannot. L7

LTC3450, continued from page 20

for -15V. If desired, an independent
positive voltage source between 5V
and 15V can be connected to Vyyy to
produce any desired negative voltage
between -5 and -15V.

Conclusion

The LTC3450 delivers a highly compact
and efficient power supply solution for
small LCD displays. Its wide inputvolt-
age range makes it easy to drop into a
variety of applications. Built-in inrush
current limiting, output disconnect
and power saving controls simplify the
task of implementing power friendly
LCD displays. £7
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Figure 6. 5.1V, 15V, -5V application circuit
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Flexible, High Speed Amplifiers

Fit Many Roles

Introduction

Selecting the best operational ampli-
fier for a particular application can
be difficult. Fast amplifiers rarely
have enough input or output range.
Many can’t handle difficult capacitive
loads, or if they can, they're usually
too slow or use too much supply cur-
rent for the application at hand. But
now there is a simple solution: the
LT6210 (single) and LT6211 (dual) are
flexible enough to satisfy the needs
of many applications by solving all of
these problems.

These devices couple a high-speed,
current-feedback topology with a C-
Load™ stable, high current drive,
rail-to-rail output stage. They have
programmable supply current with a
nearly constant speed to power ratio,
from 10MHz at 300pA up to 200MHz
at 6mA. The LT6210 and LT6211
can fit into such a wide variety of
different applications—ranging from

OUTPUT (2V/DIV)

Vg =45V TIME (10ns/DIV)
Viy =+1.75V

Rrg = RgaIn = 8879

RseT = 20k TO GND

RLoap = 150Q

Figure 2. Large signal transient
response (I = 6mA per amplifier)

power-sensitive, battery-powered
applications to high-bandwidth
video drivers—that it may be pos-
sible to stock just one amplifier for
every use.

The single-amplifier LT6210 is
available in the SOT-23 6-pin pack-
age, while the dual-amplifier LT6211 is
available in both an MSOP-10 package
and a tiny 3mm x 4mm DFN-10 pack-
age. The LT6211 allows independent
switching of each amplifier from a high
speed to a low power mode.

Performance

Table 1 summarizes the performance
of the LT6210 and LT6211 at three
selected quiescent current levels. The
majority of AC specifications improve
linearly with supply current. Table 2
shows the resistor values used to
achieve these performance values. The
frequency response with a 100mVp.p
signal at the three selected supply cur-

OUTPUT (2V/DIV)

Vg =45V TIME (10ns/DIV)
Viy =+1.75V

Rrg = Rgain =11k

RseT = 56k TO GND

RLoap = 150Q

Figure 3. Large signal transient
response (I = 3mA per amplifier)

by John Morris and Glen Brisebois
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6 I ii/\m
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=
=
=
<0
Vg =15 \ \
3 ay=2
Ta=25°C
Vout = 100mVp.p
0.1 1 10 100 1000

FREQUENCY (MHz)

Figure 1. Small signal response
vs supply current (per amplifier)

rents is shown in Figure 1. Transient
response of a 3.5Vp psignalat the three
selected supply currents is shown in
Figures 2, 3 and 4.

Circuit Operation

Figure 5 shows the simplified sche-
matic of a single amplifier. Transistors
Q1 and Q2 mirror a current from the

OUTPUT (2V/DIV)

Vg = 5V
Vin =175V
Rrg = Rgain = 11k
Rggr = TM TO GND
Rioap = 1k

TIME (100ns/DIV)

Figure 4. Large signal transient
response (I = 300pA per amplifier)

Table 1. LT6210 performance at three quiescent current levels on +5 supplies

Parameter Conditions Ig = 6mA Ig=3mA Ig = 300pA Units
-3dB Bandwidth Ay =2, Voyr = 200mVp_p 200 100 10 MHz
Slew Rate Ay =2, Voyr = 7Vp_p 700 600 170 Vis
2nd Harmonic Distortion Ay =2, Vout = 2Vp_p, f = TMHz =70 —65 -40 dBc
3rd Harmonic Distortion Ay =2, Vout =2Vp_p, f = 1MHz =75 —-65 —45 dBc
Maximum Qutput Current Ving = 0V, V- = £50mV, R = 0Q +75 +70 +30 mA
Linear Technology Magazine ¢ May 2004 25
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Iser pin to a bias distribution network
feeding the input stage. The internal 8k
resistor sets the bias current when the
Iser pin is directly shorted to ground,
and internal clamping circuitry within
the supply current control ensures
that the current is never high enough
to damage the device.

The input stage uses a current-
feedback diamond topology with two
complementary pairs of emitter follow-
ers (Q3-Q6) between the noninverting
and inverting inputs. Q3 and Q4 each
have additional emitters that diode-
clamp to the opposing positive input
devices to prevent damage in case
of large differential input voltages.
The current outputs of the diamond
circuit at the collectors of @5 and Q6
are fed into current mirrors (Q7/Q8
and Q9/Q10) that would feed a high-
impedance node in a typical current
feedback amplifier. In the rail-to-rail
topology of the LT6210 and LT6211,
though, the signal currents are invert-
ed by a second set of current mirrors
(Q11/Q12 and Q13/Q14) and then
directed into output transistors Q15
and Q16 along with an output bias

Table 2. LT6210 configuration for Ay = +2 at
various current levels

Is | Rser | Rrs, Rgain | Rioap
6mA | 20k 887Q 150Q
3mA 56k 1.1k 150Q

300uA | 1M 11k 1k

Figure 5. Simplified schematic of single amplifier

current, derived from the variable
supply current control. The primary
frequency compensation is at the out-
put, enhancing the amplifier’s ability
to drive capacitive loads.

Applications

Optimizing the Response

of a Differential Cable Driver

Using adifferential twisted pair instead
of coaxial cable to transmit signals
over longer distances can reduce both
cost and bulk. In addition, transmit-
ting signals differentially eliminates
common mode noise pickup that can
occur in longer routings. The LT6211
isideal for these applications since the
amplifier’s bandwidth can be altered
without changing the gain both by
scaling the feedback and gain resis-
tors and by tweaking the quiescent
current of the amplifier. Therefore,
the response can be optimized for a
specific application, and the invert-
ing and noninverting amplifiers can be
programmed to have nearly identical
frequency responses.

The C-Load stability of the LT6211
provides an additional benefit in
twisted pair applications. If the dif-
ferential cables are disconnected or
not properly terminated the LT6211
remains stable (of course, if the line
is left unterminated, signal fidelity
will suffer).

The following explains how to obtain
adesired response for a specific twisted
pair application, in this case, for a flat

response with approximately 100MHz
of-3dB bandwidth. The circuit with its
final values is shown in Figure 6.

Since the inverting gain amplifier
gain of -2 is not shown in the Typical
AC Performance table of the LT6210/
LT6211 data sheet, aneducated guess
for the starting resistor values is re-
quired. A lk feedback resistor is a
good starting point, roughly halfway
between the 1200Q resistor suggested
for a gain of -1 at the 3mA, 80MHz
level and the 698Q resistor suggested
at 6mA and 140MHz. This fixes the
gain resistor value at 499Q for a gain
of -2. With the gain network com-
plete, the potentiometer at the Igpr
pin can be tweaked while viewing the
small signal frequency response on a
network analyzer until the desired,
flat response is achieved. With an
Rser value of 40.7k, the frequency
response is entirely first order, with
a -3dB bandwidth of 97MHz and a
+0.05dB bandwidth of 39MHz.

The approach for setting the resistor
values on the noninverting channel
is similar. 1k resistors are initially
selected to get the desired response,
but after adjusting the quiescent cur-
rent to achieve a flat response, the
-3dBbandwidth is significantly higher
than the inverting channel. Therefore,
1.21k feedback and gain resistors are
swapped in and the Rggr potentiometer
tweaked again. This makes sense since
the Ay = 2, Is= 3mA in the “Typical AC
Performance” section showsa 100MHz
bandwidth with Rpg, Rg = 1.1k. The
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4990

000

Figure 6. Differential cable driver application using LT6211

slightly larger feedback resistor and
higher quiescent current flatten the
AC response from the 1dB peaking
shown in the data sheet curves.
With the 1.21kresistors, bandwidth
and response of the noninverting
channel closely matches the invert-
ing channel with a +0.05dB bandwidth
of 35MHz and a -3dB bandwidth of
101MHz. The final Rggr resistance for
the noninverting amplifier is 43.7k,
setting the total supply current for
both amplifiers to 7.8mA. Figure 7
shows the gain flatness and +0.1dB
response of the two channels.

3V Cable Driver with

Active Termination

Driving back-terminated cables on
single supplies usually results in
very limited signal amplitude at the
receiving end of the cable. While the
rail-to-rail output of the LT6210 and
LT6211 already provides alarger swing
than typical current feedback ampli-

fiers, positive feedback can be used to
further improve swing at the load by
reducing the size of the series back
termination resistor, decreasing the
attenuation between the series and
load termination resistors. The posi-
tive feedback also maintains controlled
output impedance from the line-driv-
ing amplifier, allowing the amplifier
to drive long cables without signal
degradation.

Figure 8 shows the LT6210 using
this “active termination” scheme on
a single 3V supply. The amplifier is
AC-coupled and in an inverting gain
configuration to maximize the input
signal range. The gain from Vyy to the
receiving end of the cable, Vqyr, is set
to-1. The effective impedance looking
back into the amplifier circuit from the
cable is 50Q throughout the usable
bandwidth.

The response of the cable driver with
a 1MHz sinusoid is shown in Figure 9.
The circuit is capable of transmitting

2.2uF

A\~ Vour
RTERM
50Q

3300pF
NPO

Figure 8. 3V cable driver with active termination

-0.1

NORMALIZED AMPLITUDE (dB)
o

0.1 1 10 100
FREQUENCY (MHz)

Figure 7. LT6211 differential cable
driver has 0.02db gain flatness

1000

a 1.5Vpp undistorted sinusoid to the
50Q termination resistor and has a
full power (1Vp.p) bandwidth of 50MHz.
Small signal -3dB bandwidth extends
from 1kHz to 566 MHz with the selected
coupling capacitors.

Line Driver with Low Power Mode

In applications where low distortion or
high slew rate are desirable but not
necessary at all times, the LT6210
or LT6211's quiescent current can
be decreased when the higher power
performance is not required. Figure 10
illustrates a method of setting quies-
cent current with a FET switch. In the
5V dual supply case pictured, shorting
the Iggr pin through an effective 20k
to ground sets the supply current to
6mA, while the 240k resistor at the
Ispr pin with the FET turned off sets
the supply current to approximately
ImA. The feedback resistor of 4.02k
is selected to minimize peaking in low
power mode. The bandwidth of the
LT6210 in this circuit increases from
just over 40MHz in low power mode
to over 200MHz in full speed mode,
as illustrated in Figure 11. Other AC

Vin B
1V/DIV

Va
1V/DIV

Vour
1V/DIV

200ns/DIV

Figure 9. Response of 3V cable
driver circuit at 1IMHz
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Figure 10. LT6210 line driver
with low power mode
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Figure 11. Frequency response of line driver
for full speed and low power modes

performance also improves signifi-
cantly at the higher current setting.
Table 3 shows harmonic distortion at
1MHz with a 2Vp_p sinusoid at the two
selected current levels.

Inasystemwith multiple LT6211’s,
it is possible to use a single FET to
change the supply current of all the
amplifiers in parallel, as shown in
Figure 12. While a single FET can
be used to control numerous Iggr
pins due to its connection to ground,
individual resistors from the FET to
each amplifier’s Iggr pin are recom-
mended to ensure consistent current
programming.

Conclusion

The LT6210 / LT6211 family offers
impressive, high speed versatility. With
a rail-to-rail, C-Load stable output
stage and programmable speed and

IseT IseT IseT
22k & 240k 22k & 240k 22k & 240k

lJ > >

2N7002

HS/LP

—L_—

Figure 12. Using a single FET to switch
multiple LT6211 quiescent currents

supply current, the part can be tuned
to fit most applications. Whether the
application is supply current sensi-
tive or requires high speed with high
outputdrive, the LT6210 and LT6211
are suited to the task. £7

Table 3. Harmonic distortion of line driver with low power mode

Low Power

Full Speed

HD2 -53dBc

HD2 -68dBc

HD3 -46dBc

HD3 —77dBc

LTC2921/LTC2922, continued from page 5

are short-lived, do not trip the moni-
tors. Thus momentary load transients
and electronic noise do not affect the
continuous monitoring operation, but
a supply voltage consistently outside
of the designed range, even a small
amount, does. Allowing time to factor
into the threshold comparison affords
glitch tolerance without degrading
monitoring accuracy.

Bonus Functionality:
Sequencing

Whereas tracking satisfies the re-
quirements for many multiple-supply
systems, sequencing is sometimes nec-
essary. The LTC2921 and LTC2922
offer a single-chip solution to simple
sequencing via the power good output.
The PG pin has a weak pull-up current
to the same voltage rail that allows the
GATE pin to pull well above V. By
connecting one or more external FET
gates and a capacitor to the PG out-

put, it functions as an auxiliary gate
driver with an independently select-
able ramp rate. The time period set by
the capacitor at TIMER provides the
sequencing delay between the ramps.
It is important to note that because
the automatic remote sense switches
activate before the power good signal
activates, sources ramped by PG can-
not take advantage of remote sense
switching. Figure 6 shows a schematic
of an application that takes advan-
tage of the sequencing capability of
the LTC2921 and LTC2922 to create
early-on and late-on supplies.

Conclusion

The LTC2921 and LTC2922 monitor
up to five supply sources and ramps
their loads up together. When any
source fails its monitoring threshold,
all loads are disconnected. Once all
monitors are again satisfied, the turn-
on sequence is attempted again. The
LTC2921 and LTC2922 combine a

guaranteed threshold accuracy of
+1.5% over temperature (which fa-
cilitates tight monitoring limits) with
input glitch filtering (which allows
the customer to take full advantage
of the threshold accuracy). The low
0.5V monitor threshold allows even
sub-1V supplies to be tracked. The
parts feature remote sense switch-
ing that automatically connects the
loads to the Kelvin sense inputs of
the supply sources after the loads
have fully ramped. The integrated
switches and control circuitry allow
the supply sources to compensate
the load levels for any voltage drops
due to currents through the external
tracking FETs. 47

for
the latest information
on LTC products,
visit
wwuw.linear.com

28

Linear Technology Magazine ® May 2004



DESIGN IDEAS LT

Dual Regulators Offer Flexibility
with Independent Shutdown Control
and Adjustable Start-Up Timing

Introduction

Desktop computers to digital cameras
demand more from their power sup-
plies than ever before. Some devices
require more than seven supplies, of-
ten complicated further by a unique
set of vital conditions and specifica-
tions for power supply start-up timing,
tracking and voltage differentials. In
many cases, the power supplies must
start up in specific order, and track
each other in concert, to avoid the risk
of damage to critical components that
run from the multiple supply rails.
To help meet these conditions,
Linear Technology introduces the
LT3023 and LT3024. Both parts
are dual low dropout, low noise,
micropower regulators based on the
LT1761and LT1763, single regulators
delivering 100mA and 500maA respec-
tively. The LT3023 combines a pair of
100mA regulators while the LT3024
combines a 500mA regulator with a
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Figure 1. Noise bypassing slows start-up, allows outputs to track

100mA regulator. Both regulators op-
erate over an input voltage range of
1.8V to 20V with a dropout of 300mV
at fullload current. Quiescent current
is less than 30pA for each regulator,
dropping to less than 0.1pA in shut-
down. Individual shutdown controls
for each regulator allow for flexibility
in power management. Both devices
are available as adjustable parts with
a 1.22V reference.

The small size of these regulators
simplifies system design. The LT3023
is packaged in the 3mm x 3mm 10-lead
DFN, maintaining the same footprint
as a SOT-23. The LT3023 is also
available in the thermally enhanced
10-lead MSOP package. The LT3024
is offered in the 4mm x 3mm 12-lead
DFN, with a footprint only 33% larger

2ms/DIV

Figure 2. Output voltages track
independent of load

than a SOT-23, and also in the ther-
mally enhanced 16-lead TSSOP. These
regulators also help minimize external
component size. The 100mA regulators
are stable with output capacitors as
low as 1pF; the 500mA regulator in
the LT3024 requires a minimum of
3.3pF. Small ceramic capacitors can
be used without the series resistance
required by other regulators.

Tracking Supplies

Adding external 0.01pF bypass capaci-
tors to the LT3023 or LT3024 devices
drops output voltage noise for each
regulator to 20pVgys over a 10Hz to
100kHz bandwidth. This capacitor
improves transient performance of
the regulators and also slows start-
up of the regulator. Figure 1 shows

100

START-UP TIME (ms)

0.1
10 100 1000

Cayp (PF)
Figure 3. Start-up time
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Vouri—

Vours
500mV/
DIV

Fz=aummn

2ms/DIV

/

Figure 4. Multiple parts provide
consistent start-up

an application that takes advantage
of this slowed start-up in a soft-start
circuit.

In this circuit, two different supply
rails are generated by an LT3023. Both
the SHDN1 and SHDN2 pins are tied
together, driving the regulators simul-
taneously. As the two regulators are
brought out of shutdown, their output
voltages rise at the same rates. The
rate at which the output voltages rise
is independent of load current—the
regulators can deliver up to the full
rated output current at the interme-
diate voltages. The size of the output
capacitor alsodrops out of the equation
whenits charging current added to the
load current is less than the regula-
tor current limit. Figure 2 shows the
output voltages and currents of the
regulators as they are brought out of
shutdown.

Figure 3 shows the time for the
regulators to start as the value of the
noise bypass capacitor varies. Mini-
mum time for start-up is 150ps with
no bypass capacitor. Start-up time is
roughly proportional to the size of the
noise bypass capacitor, with 0.01pF
of capacitance giving a time of 15ms.
Two more supply rails are provided
by an LT3024: a 1.5V rail at 500mA,
and a 1.8V railat 100mA. As shown in
Figure 4, start-up times are consistent
between the two regulators.

Flexibility is an important feature
of this circuit. The regulators can be

3'7\'\% 200 IN oUTi ’ i'TSV
1 £ 500mA
= LT3024 __I_o.m uF __L_muF
l __L_ BYP1 422k — 357K
— — ADJ1
B - 249k 28k
= = 2.5V
OFF[ON T SHDNT  OUT2 1 1 AT
A 0.01pF 10uF 100mA
SHDN2 BYP2 J 261k jT-_
1 anp "0
0.47uF__L_ T 249

Figure 5. Start-up sequencing

operated with differing sizes of noise
capacitor to slew one regulator on

When the circuit is turned off, the
Schottky diode between SHDN1 and

faster and the SHDN1 and SHDN2
pins can also be separated as needed
for independent shutdown control.
Since these regulators are based on
the LT1761/LT1763, the same design
techniques and characteristics apply
to those parts. Supply rails can be
generated in any number, not just
even multiples.

Start-Up Sequencing

Figure 5 shows an LT3024 being
used to sequence the start-up of the
regulators. In this circuit, the 500mA
regulator is turned on and begins to
rise at the rate determined by the noise
bypass capacitor. As the output lifts,

it begins to pull up the SHDN2 pin to
turn on the 100mA side. The 0.47pF
capacitor slows the rise of this pin,
keeping it from turning on until sev-
eral milliseconds after the 500mA side
begins turning on (see Figure 6).

| 1 |

VSHDNA
1V/DIV

VouTi
1V/DIV

Vour2
1V/DIV

CH1 1 V=
CHZ2 180 v=
CH3 180 V= CHP NTB  2ms

2ms/DIV
Figure 6. Turn-on waveforms

SHDN2 allows both outputs to be
shutdown simultaneously. This is a
precaution to prevent voltage differ-
ences between OUT1 and OUT2 that
may cause application problems or
damage. Figure 7 shows both outputs
turning off together. The resistor di-
vider between OUT1 and SHDN2 is
designed to account for the threshold
voltage of the SHDN2 pin and the cur-
rent of this pin as well (typically 1pA
at 0.8V, maximum 3pA at 1.4V).

Conclusion

The LT3023 and LT3024 are dual high
performance regulators available in
tiny packages. Both offer independent
channel shutdown control and adjust-
able start-up timing. These features
offer a high degree of flexibility that
makes it easy to meet demanding
system requirements. £7

VSHDNA
1V/DIV

Vourt
1V/DIV
Vout?
1V/DIV

1 v=
CHZ 180 v=
CH3 180 V= CHP MTB  2ms

2ms/DIV

Figure 7. Turn-off waveforms
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4A, AMHz Monolithic Synchronous
Regulator with Tracking offers a
Compact Solution for Power
Supply Sequencing

Introduction

The LTC3416 offers a compact and
efficient voltage regulator solution for
systems that require power supply
sequencing between different supply
voltages. Many microprocessors and
DSP chips need a core power supply
and an I/O power supply that must
be sequenced during start-up. With-
out proper power supply sequencing,
latch-up or excessive current draw
may occur that could lead to damage
to the microprocessor’s I/0O ports or
the I/0 ports of a supporting device
such as memory, logic, FPGAs, or
data converters. The LTC3416 oper-
ates from an input voltage range of
2.25V to 5.5V and can generate an
output voltage between 0.8V to 5V.
The internal power MOSFET switches
have a low 67m® on-resistance, thus
allowing the LTC3416 to deliver up to
4A of output current while achieving
efficiencies as high as 91%.

The LTC3416 employs a constant
frequency, current-mode architecture
with a frequency range of 300KHz to
4MHz. Forced continuous operation
allows the LTC3416 to maintain a
constant frequency throughout the
entire load range, making it easier to
filter the switching noise and reduce

100
90 z
80 V4
70
60 ;
50 {1 H
40

30 /

<N,

NI

EFFICIENCY (%)

10 Voyr=1.8V
=2MHz

0.01 0.10 1 10
LOAD CURRENT (A)

Figure 2. Efficiency vs load current
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by Joey M. Esteves
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Figure 1. A 1.8V/4A step-down regulator with tracking

the RF interference—important for
EMI-sensitive applications.

The switching frequency can be set
externally with a resistor or synchro-
nized to an external clock, where each
switching cycle begins at the falling
edge of the external clock signal. Since
the output voltage ripple is inversely
proportional to switching frequency
and inductor value, a designer can
take advantage of the LTC3416’s high
switching frequency to use smaller
inductors without compromising the
output voltage ripple. Lower inductor
values translate directly to smaller
case sizes, reducing the overall size
of the system. OPTI-LOOP® compen-
sation allows the transient response
to be optimized over a wide range of
loads and output capacitors, includ-
ing ceramics. For increased thermal
handling, the LTC3416 is offered in
a 20-Lead TSSOP package with an
exposed pad to facilitate heat sink-
ing.

Authors can be contacted
at (408) 432-1900

Voltage tracking is enabled by apply-
ing a ramp voltage to the TRACK pin.
When the voltage on the TRACK pin is
below 0.8V, the feedback voltage regu-
lates to this tracking voltage. When the
tracking voltage exceeds 0.8V, tracking
is disabled and the feedback voltage
regulates to the internal reference
voltage. Tracking is implemented by
connecting an extra resistor divider
to the I/O supply voltage. The ratio
of this divider should be selected to
be the same as that of the LTC3416’s
feedback resistor divider.

continued on page 33

500mV/

pivf T
/ i

5ms/DIV
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Figure 3. Start-up and shut-down tracking
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Synchronous Boost Converter
with Output Disconnect
Delivers 4W from Two Cells

Introduction

Portable, battery-powered devices re-
quire power supplies that are efficient
and small. The LTC3421 synchronous
boost converter offers both. It features
alow, 12pA quiescent currentin Burst
Mode operation, greatly improving bat-
tery life in applications that spend
much of their time in low power mode.
The LTC3421 itself is small, available
in a small 4mm x 4mm QFN package,
and its oscillator frequency can be pro-
grammed or synchronized up to SMHz,
which minimizes the size of external
components. It can drive power hungry
circuits with its 3A guaranteed switch
current—up to 4W output power from
two NiCd or NiMH cells.

In a conventional synchronous
boost converter, the internal body
diode of the synchronous rectifier
connects the input supply through the
inductor to the load. The peak inrush
current when the input supply is first
applied to the boost converter is only
limited by the resistance in the loop
consisting of the input source, induc-
tor, diode, and output capacitor. The
large surge current during initial plug-
in can cause sufficient input voltage
drop to possibly trigger a low-battery
detector. The direct path from the in-
put to the output also leaves the load
connected to the input even when the
boost converter is in shutdown. This
can cause additional power loss due

Figure 2. The circuit of Figure 1
fits in a mere 0.35in?

L1

by Dongyun Zhou
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Vin ° Y Y
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—L cl 2 |1 [a |15 16
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30k 82k
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C1: TAIYO YUDEN JMK212BJ106MM
C5: TAIYO YUDEN JMK325BJ476MM
L1: TDK RLF7030T-3R3M4R1

Figure 1. A 1IMHz, 2-cell to 3.3V at 1.2A boost converter

to leakage current. With true output
disconnect, by eliminating body diode
conduction of the internal PMOS rec-
tifier, the LTC3421 eliminates these
problems.

2-Cell to 3.3V/1.2A

Synchronous Boost Converter
The circuit in Figure 1 shows a 2-cell
to 3.3V converter that can provide up
to 1.2A of load current. The switching
frequency is set at 1MHz by having

28kQ at Ry pin. This gives a good trade-
off between efficiency and circuit size.
The footprint of this converter is about
0.35inch?, as shown in Figure 2. The
LTC3421 has a bottom metal pad to
improve thermal performance. The
entire metal pad can be soldered
directly to the PC board copper area
and through multiple thermal vias to
internal and backside copper layers
to optimize efficiency and thermal
performance.

continued on page 35
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Figure 3. A 1.5mm height, 1MHz, 2-cell to 3.3V at 1A boost converter
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Boost Converter Drives 1A White LEDs

White LEDs are brighter and more
powerful than ever. High-power white
LEDs, because of their extreme lumi-
nous density and ultra-compact size,
are replacing conventional bulbs in
flashlights, headlamps, streetlights,
and many automotive applications—
anywhere a conventional bulb might
be found. Some new white LEDs,
such as Lumileds’ Luxeon™ series,
improve on conventional bulbs in sev-
eral characteristics, including greater
luminescence, improved response
time, and increased durability with
decreased size and cost.

The challenge in using white LEDs
in portable applications is powering
them with the wide input voltage range
thatbatteries present, such as 3.3V to
4.2V from a lithium-ion. LEDs require
constant current to maintain constant
luminosity. The battery-LED DC/DC
converter must both step up and step
down the source voltage to a 3.0V to
3.6V LED forward voltage range at a
constant LED current such as 1A.

The LT3436EFE 800kHzboost con-
verter in Figure 1 provides 1A driving

by Keith Szolushud

0.05002 D2
19 1A CONSTANT CURRENT
MV . 'L{ Vout = Vin + ViED
L1 4
D1 49.9k
UPS120 S1% +
Vin C
33VT04.2V Vin Vsw > LT1783
SINGLE LI-ION LT3436 _
|~ 787k I/
SHDN 7 S
LED ON SYNC GND Vo B | 2
4.7uF —le | 9 —L_22uF
X5R X5R
63y 8.2k 01 b Sk Xon
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_l_ D2: LUMILEDS LXHL-PW09 3.6V 1A EMITTER

L1: CDRH6D28-3R0

Q1: MMBT2222A (FOR OVERVOLTAGE PROTECT)

Q2: FMMT3906

Figure 1. LT3436EFE boost converter drives Luxeon III 1A 3.6V white LED with 70% efficiency.

current for the Luxeon III series white
LED LXHL-PW09 from a lithium-ion
battery. The Luxeon IIl white LED has
a forward voltage range from 3.0V to
3.6V. By tying the LED from the out-
put of the boost converter back to
the input, as opposed to ground, the
boost converter is capable of both step-
ping-up and stepping-down its input
voltage to the LED. The effective output
voltage of the converter is a boosted

voltage of Viy plus Vigp as shown in
the schematic.

The LT1783 1.25MHz SOT-23
rail-to-rail op amp provides the cur-
rent-sense capability and regulates the
diode current to 1A when the LED ON
switch is closed. When the switch is
open, the LT3436 consumes only 6uA
in shutdown. 47

Luxeon is a trademark of Lumileds Lighting.

LTC3416, continued from page 31

1.8V/4A Converter Tracks

a 2.5V I/0 Supply

Figure 1 shows a 1.8V step-down DC/
DC converter tracking an I/0 supply
voltage of 2.5V. This circuit operates
from an input voltage of 3.3V and
provides a regulated 1.8V output at
up to 4A of load current. Efficiency
is as high as 90% and is shown in
Figure 2.

The switching frequency for this
circuit is set at 2MHz by a single
external resistor, Rogc. Operating
at a frequency this high allows the
use of a lower valued and physically
smaller inductor. During start-up, the
output of the LTC3416 coincidentally
tracks the I/O supply voltage. Once
the I/0 supply voltage exceeds 1.8V,
tracking is disabled and the LTC3416
regulates its output voltage to 1.8V.

Figure 3 shows the relationship be-
tween the output voltage waveform
of the LTC3416 and the I/O supply
voltage during start-up.

Ceramic capacitors offer low cost
and low ESR, but many switching
regulators have difficulty operating
with them because the extremely low
ESR can lead to loop instability. The
phase margin of the control loop can
drop to inadequate levels without the
aid of the zero that is normally gener-
ated from the higher ESR of tantalum
capacitors. The LTC3416, however,
includes OPTI-LOOP compensation,
which allows it to operate properly with
ceramic input and output capacitors.
The LTC3416 allows loop stability to be
achieved over a wide range ofloads and
output capacitors with proper selec-

tion of the compensation components
on the Iy pin.

Conclusion

The LTC3416 with its tracking
ability is well suited to applications
involving microcontroller-based cir-
cuits with dual supply architectures.
It's high switching frequency and
internal low Rpgoy) power switches
allow the LTC3416 to provide a small
solution size with high efficiency for
systems with power supply sequencing
requirements. £

for
the latest information
on LTC products,
visit
wwuw.linear.com
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Smart Card Interfaces Made Easy

Introduction

Smart Card interfaces must comply
with extensive, and often difficult,
software and hardware standards
to produce robust card reading sys-
tems. The LTC4556 makes it easy to
comply with Smart Card interface
requirements by integrating all re-
quired power management, control,
ESD and fault protection circuitry into
a single device, precluding the need
for a complicated array of discrete
components.

The LTC4556 employs a voltage
doubling charge pump and a low
dropout linear regulator to generate
an output voltage of 5V, 3V or 1.8V
froma 2.7V to 5.5V input. It supports
custom Smart Card systems—in addi-
tion to the EMV (Europay, MasterCard,
Visa) and ISO7816 standards—by

RST
5V/DIV

-
(L]

a— ‘-,W«MMW\MW»\ ]

CLK
5V/DIV

1/0
5V/DIV

A A A NPT

e

.

Voo
5V/DIV T,

10ps/DIV

Figure 1. Smart Card deactivation sequence

providing control for the C4 and C8
pins and a bidirectional clock mode for
clock stretching in [2C™- or SMBus-
like Smart Cards. A microcontroller
compatible serial interface controls
the entire device. Above all, a com-
plete solution takes little space. The
LTC4556 is available in a small 4mm

I2C is a trademark of Philips Electronics N.V.

by Steven Martin

SMART
CARD
1/0
2V/DIV

uc
DATA
2V/DIV

100ns/DIV

Figure 2. Bidirectional pin waveforms

x 4mm x 0.75mm leadless package
and requires a minimum of external
components.

Features

The LTC4556 includes a considerable
number of features and yet remains
continued on page 38
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LCD Power Supply Provides
+15V Plus LED Driver

Atypical LCD application requires both
a positive and a negative voltage to
drive the glass and, in some cases, a
means of illuminating the back panel.
The LT3463 circuit shown in Figure 1
provides all three. The outputs of this
circuitare 15V, -15Vand a 15mALED
driver. The -15V rail is generated from
an inverting charge pump regulated
by channel 2 of the LT3463. A quasi-
regulated charge pump tapped from
the switch node of channel 2 forms
the 15V rail. Channel 1 is configured
as current source boost converter and
supplies current to the LEDs. The ad-
vantages offered by this circuit are low
quiescent current and minimal parts
count.

The on-demand power delivery pro-
vided by the Burst Mode operation of
the LT3463 allows the +15V rails to
have a no-load quiescent current of
76pA and an efficiency of over 73%
from 5% load to 100% load for an input
voltage of 3.6V. The full load efficiency
is77%at 3.6V. (See Figure 2.) Because
a charge pump is used for both the
positive and negative output, the load
is disconnected from the output dur-
ing shutdown which increases battery
run time. The slave charge pump for
the +15V rail does require more parts

by Mike Shriver

Vin 10uH
042V o ‘l HeHe—
. IN
474 RIS 15mAl
6.3V L
— Vi SWT Vour, J_‘;m LEDT LED2 LED3 M
J— 825 0.47uF
¢—| SHDNA FB1 16V
LT3463  ypgr 'L‘
e < 374K
o FB2 —l S1% CouTt, Courz: TAIYO YUDEN TMK316BJ105ML
GND  SW2 D2 CLep: TAIYO YUDEN EMK212BJ474MG
T L1, L2: MURATA LQH32GN100M53
= S LED1-LED3: NICHIA NSCW100
o 4.53M 10pF C1, C2: TAIYO YUDEN UMK212BJ104KG
L2 0.1uF
10pH Vour
-—f - —15V
oUTY 5mA
1o BO540W kT
0.4pF 25V =
| c Vour2
A }\J - — 15V
5mA
BOS40W Bosaow  “Op
uF
; 25v_'E
Figure 1. +15V converter plus LED driver
80
than a slave boost converter, but the
o extra parts are offset by the internal
75 el Schottky diodes of the LT3463.
yad The LED driver is best suited
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Figure 2. Total efficiency of +15V
converter at Vpy = 3.6V

10

for applications that require only a
single level of backlighting or partial
dimming. The time constant formed
by Cigp and R1 does not allow PWM
dimming over the entire range of
brightness. The LED driver has an
efficiency of 76% at an input voltage
of 3.6V. During shutdown, less than
1pA flows through the LEDs from
ViN. 47

LTC3421, continued from page 32

1.5mm Height, 2-Cell
to 3.3V/1A Converter

Low-profile is required in many hand-
held devices, such as cellular phones,
and MP3 players. Figure 3 shows how
to make a 2-NiCd, or 2-NiMH cell to
3.3V output converter with 1.5mm
maximum height by using a lower
profile inductor and output capaci-
tor. This circuit can provide up to 1A
load current for 2V minimum input
battery voltage and 900mA load if
the battery cutoff voltage is 1.8V.
Figure 4 shows the efficiency of this
circuit. With Burst Mode enabled, the

efficiency stays above 85% over three
decades of load current.

Conclusion

With output disconnect, inrush cur-
rent limiting and 12pA quiescent
current, the LTC3421 synchronous
boost converter is an ideal fit for many
portable applications. Its guaranteed
1V start-up inputvoltage works with a
large variety of battery configurations.
It is available in a small 4mm x 4mm
QFN package with exposed copper
on the backside, making it possible
to provide up to 1.2A at 3.3V from

2-cell input without taking much
space. LT
100
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Figure 4. Efficiency curves for the
converter in Figure 3 (Vy = 2.4V)
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New Device Cameos

Quad 802.3af Power over
Ethernet Controllers

The LTC4258 and LTC4259A each
provide all the circuitry to control
four ports of IEEE 802.3af Power
over Ethernet, utilizing the ubiquitous
CAT-5 data cables to also distribute
power. The availability of 13W direct
from the Ethernet cable frees network
peripherals from the added tether of
an AC adapter.

At the delivery end of the Ethernet
cable, the LTC4258 and LTC4259A
manage—with strict adherence to
the 802.3af™ standard—the dis-
tribution of power to four separate
Ethernet ports. Multiple LTC4258s
or LTC4259As can be used together
to build systems with 24, 48 or more
powered ports.

Power over Ethernet systems apply
48V common mode to the Ethernet
cables while peacefully coexisting
with non-powered Ethernet devices.
Consequently the Power Sourcing
Equipment (PSE) must be very careful
to only apply power to devices that re-
quire it. The LTC4258 and LTC4259A
meet this and other requirements of
the 802.3af standard.

These devices include an array
of complex analog functions—data
converters, precision current mea-
surement and current limiting, voltage
regulation, and Hot Swap™ along with
digital logic and an I°C interface—in
one 36-pin SSOP package. This high
level of integration simplifies the design
of IEEE 802.3af compliant PSEs.

Detection and classification
are completely handled within the
LTC4258 and LTC4259A. Measure-
ments are automatically decoded into
IEEE defined results such as “Valid
Detection Signature,” and “Class 2.”
The LTC4258 and LTC4259A can act
autonomously on these results, ap-
plying power when a Powered Device
(PD) is connected to the Ethernet
port. All power control and monitor-
ing functions (over current cutoff,
current limit, power off when the PD
is unplugged) are also handled auto-
802.3af is a trademark of the IEEE.

matically. The LTC4259A also offers an
IEEE compliant AC method for deter-
mining when a PD is unplugged.

The LTC4258 and LTC4259A
perform all these functions with a
minimum of external components,
yielding compact circuit board lay-
outs.

The LTC4258 and LTC4259A pro-
vide advanced features that go beyond
the IEEE standard. Fast gate pull
down, foldback, and duty cycle limi-
tation protect the external MOSFETs
from damage due to fault conditions,
power dissipation or thermal cycling.
The detection circuitry rejects 50Hz/
60Hz interference, and the low imped-
ance of classification output voltage is
stable under anyload. The LTC4259A’s
AC disconnect sensing circuitry op-
erates independently of DC current
flow and has low sensitivity to stray
capacitance. An internal control en-
gine allows the LTC4258/4259A
to perform all 802.3af PSE functions
without microcontroller support.
Used in larger systems, the program-
mable INT pin, 12C/SMBus interface
and semi-autonomous mode of the
LTC4258/59A eliminates software
polling and minimizes the load on
the host controller.

High Voltage Ideal Diode
Controller Eliminates

Energy Wasting Diodes in
Power ORing Applications
Many electronic devices need a means
toautomatically switch between power
sources when prompted by the inser-
tion, removal or loss of any power
source. The LTC4412-HV simplifies
PowerPath management and control
by providing an automatic, low-loss
and near ideal diode controller func-
tion. Any circuit that could use adiode
OR to switch between power sources
canbenefit from the LTC4412-HV. The
forward voltage drop of an LTC4412-
HV ideal diode is far less than that of
a conventional diode and the reverse
current leakage can be smaller for the
ideal diode as well. The tiny forward
voltage drop of only 20mV minimizes

power losses and self-heating. The low
component count helps keep overall
system cost low and the ThinSOT 6-
pin package permits a compact design
solution.

Operation is specified over a wide
supply operating range of 2.5V to 36V
(40V absolute maximum) and over a
wide temperature range of -40°C to
125°C ambient, which is suitable for
automotive and industrial applica-
tions. Quiescent current is only 18pA
with a 36V supply and is independent
of the load current. A status pin can
be used to indicate that an auxiliary
supply is present.

This high voltage version of the
LTC4412 is versatile enough to be
used in a variety of diode ORing
applications by controlling external
P-channel MOSFET power switches
to create a near ideal diode functions
for power switchover or load sharing
power path management applications.
Two or more LTC4412-HVs ganged to-
gether allow load sharing between two
or more power sources or the charging
of two or more batteries from a single
battery charger. The LTC4412-HV
also has built in reverse supply pro-
tection.

Supply Independent

Hot Swappable 2-Wire Bus
Buffer Allows Backplane Bus
Voltages to be Above or Below
Card Side Bus Voltages

The LTC4301 is a supply independent
hot swappable 2-wire bus buffer used
in12C and SMBus systems. Ina typical
application, the LTC4301 is located
on the edge of peripheral card, with
SDAOUT and SCLOUT connected to
the card side bus. SDAIN and SCLIN
are connected to the card connector
and pulled-up to the voltage of the
backplane data and clock bus after
the card is plugged in. The LTC4301’s
unique architecture allows the back-
plane and the card bus pull-up
voltages to be higher or lower than
each other and the supply voltage of
the part. Therefore, busses operating
atdifferent voltages can communicate
seamlessly through the LTC4301.Asa
result, the backplane does not have to
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pass its bus voltage through the con-
nector to the card, saving a valuable
connector pin.

The LTC4301 also supports hot
swapping of the data and clock bus-
ses (SDAand SCL). The LTC4301’s hot
swap feature allows an I/O card to be
plugged into a live backplane without
corruption of SDA and SCL busses.
SDA and SCL pins are precharged to
1V to minimize the amount of distur-
bance caused by the I/O card. Control
circuitry looks for a bus idle or a stop
bit on the backplane side and verifies
that data and clock are high on the
card side. When these conditions are
met, the connection circuitry is acti-
vated, joining the SDA and SCL bus
on the I/0 card side with those on the
backplane side.

Another key feature of the LTC4301
is that once the connection circuitry is
activated, capacitive buffering is pro-
vided between the input and output
busses. This means the backplane
side bus only sees the capacitance
of the backplane and the LTC4301
(<10pF), as the capacitance on the
card is isolated from the backplane.
The LTC4301 is available in small 8-
pin MSOP and low profile, 3mm x 3mm
DFN packages.

2A, 600Khz Buck-Boost
Converter Achieves

96% Efficiency

Without Schottky Diodes

The LTC3443is a high efficiency single
inductor buck-boost converter that is
pin-for-pin compatible with its prede-
cessor, the LTC3441. The LTC3443
is intended for applications where a
lower operating frequency (and result-
ing larger inductor value) is traded off
for an increase in converter efficiency.
TheICincorporates an internal VC pin
clamp during Burst Mode operation,
which minimizes perturbations to the
output voltage during Burst to Fixed
Frequency mode changes.

The LTC3443 can provide up to
1.2A of output current at 3.3V from a
single Li-lon battery or multicell NiMH
or NiCad batteries. Efficiencies up to
96% are achieved without the use of
Schottky rectifier diodes. The device
operates in forced continuous mode

sinking up to 400mA to optimize the
load transient response and maintain
constant switching frequency at light
loads when fixed frequency operation
is selected. The input voltage range is
2.5V t0 5.5V and the output voltage is
specified for 2.4Vto 5.25V. The output
voltage can be programmed as low as
0.4V with the addition of a Schottky
diode to provide a low impedance
conduction path to the output.

The low 28pA quiescent current
in Burst Mode operation maximizes
battery life at low power. Burst Mode
operation is user controlled and en-
abled when the MODE/SYNC pin is
driven high. If the MODE/SYNC pin
is driven low, or driven by an exter-
nal clock, fixed frequency switching
is enabled. The LTC3443 has a syn-
chronization range of 690kHz to 1.2
MHz.

The Linear Technology family of
buck-boost converters provides the
most compact and efficient solution
for applications requiring an output
voltage within the input supply range.
The LTC3443 augments this family by
providing higher efficiency operation
and an enhanced MODE transient
response.

6-Supply Monitors in

8-Lead TSOT and DFN

The LTC2908-A1 and LTC2908-B1 are
6-supply monitors with 5% tolerance
in tiny 8-pin ThinSOT and DFN pack-
ages. The LTC2908-Al is designed to
monitor 5V, 3.3V, 2.5V, 1.8V and two
positive adjustable voltages, while the
LTC2908-B1 is designed to monitor
3.3V, 2.5V, 1.8V, 1.5V and two posi-
tive adjustable voltages. These new
devices are intended as precise and
cost-effective voltage monitoring solu-
tions for systems with any number of
supply voltages.

The LTC2908-A1 and LTC2908-B1
feature ultra-low voltage pull downs
on the RST pin. The open drain RST
output is guaranteed to be in the cor-
rect state as long as either V1 or V2
is 0.5V or greater. These new parts
also feature a tight 1.5% threshold
accuracy over the whole operating
temperature range (-40°C to 85°C),
and glitch-immunity to ensure reli-

able reset operation without false
triggering. The common RST output
remains low until all six inputs have
been above their respective thresholds
for 200ms.

The LTC2908-A1 and LTC2908-B1
also feature two low voltage positive
adjustable inputs (+ADJ) with nominal
threshold level at 0.5V, and a low qui-
escent current on the main supply (the
greater of V1 or V2) of 25pA typical.

-48V Hot Swap Controller
Protects Boards from

Slow Transients to
Short-Circuit Faults

The LTC4252A is a negative voltage
Hot Swap controller that provides
three levels of inrush and short-cir-
cuit protection for servers and -48V
distributed power systems.

The Hot Swap controller features
a circuit breaker that controls the
current to the board in three stages.
A slight overcurrent trips the circuit
breaker only if it persists beyond a
user-programmed time period. Larger
overcurrent conditions are controlled
through active current limiting, which
maintains a safe power level in the
MOSFET. Catastrophic overcurrent
conditions from short-circuits cause
the fast comparator to trip immedi-
ately, protecting the load and the
MOSFET more quickly than the active
current limit loop. Separate soft-start
circuitry limits inrush currents when
a board is inserted or removed from
the power bus.

Two voltage monitors with +1%
threshold accuracy are included to
allow an accurate user-defined oper-
ating range. The LTC4252A is shunt
regulated, allowing it to be operated
from supplies lower than -15V.

The LTC4252A is offered in
the 10-pin MSOP package and is
screened to commercial and indus-
trial temperature ranges. This part is
available in two configurations: the
LTC4252A-1 for automatic retry and
the LTC4252A-2 for latch-off after a
circuit breaker trip. £7

Authors can be contacted
at (408) 432-1900
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LTC2054, continued from page 7

plifier. The current in a photodiode is
converted to a voltage at the output.
The low input bias current and input
noise current, combined with low volt-
age offset, provide a precision signal
monitor. A high degree of input sensi-

tivity is provided to the circuit by the
large dynamic range, characterized by
low input offset and high DC gain of the
LTC2054. Inaddition, the LTC2054HV
allows +5V supply operation, further
increasing dynamic range.

100k

MV

GAIN = 0.1V/uA
~10pA RESOLUTION
50uA FULL SCALE | 4,

4

v

ANY
PHOTODIODE /"E 3

2k
0.01
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L

Figure 5. Ultra-precision, wide dynamic range 10Hz bandwidth photodiode amplifier

Conclusion

The LTC2054 and LTC2055 low drift
operational amplifiers couple low pow-
er consumption with high precision
DC specifications. They require little
board area, available in small footprint
packages including SOT-23-5 for the
LTC2054 and the industry-leading
3mm x 3mm DD package for the
LTC2055. Awide input common-mode
range and a wide supply range that
allows operation between 2.7V and
+5V provide flexibility. £7

Authors can be contacted
at (408) 432-1900

LT4556, continued from page 34

easy to use. Its simple 8-wire serial
port provides maximum control with
a minimum number of wires.

A detection circuit indicates the
presence or absence of the Smart
Card. Card insertion is debounced
with a 40ms delay to ensure that the
contacts are well seated before the card
isactivated. Ifthe card is removed from
its socket during a transaction, the
LTC4556 cleanly deactivates it before
its pads leave the connector’s contact
pins. Figure 1shows the sequencing of
the Smart Card pads during an auto-
matic deactivation. RSTis broughtlow
first. On the next available edge, CLK
is brought low. After CLK goes low,
1/0 goes low, followed by V.

When providing power to 5V cards
from a lower voltage supply, the charge
pump operates in constant frequency
mode under heavy load, and features
Burst Mode operation for power sav-
ings when lightly loaded. The constant
frequency operation allows the use of
small capacitors. The charge pump is
powerful enough to supply the Smart
Card atrated current requirements for
all 3 V¢ voltages.

Alow dropout linear regulator con-
trols the voltage of the Smart Card.
The LTC4556 supports all three Smart
Card classes (1.8V, 3V and 5V). The
Smart Card signals are level shifted to

the appropriate microcontroller supply
voltage (which can range from 1.7V
to 5.5V).

The data communication pins
(I/O and DATA) are bidirectional and
full duplex. This feature allows true
acknowledge data to be returned to
the microcontroller interface. These
bidirectional pins also have special ac-
celerating pull-up sources to ensure
fastrise times. These sources are faster
than a resistor, and don't suffer the
power dissipation of a resistor when
the pin is held low. They sense the
edge rate on the pin and compare it to
a preset limit. If the limit is exceeded,
anadditional current source is applied
tothe pin, thereby acceleratingit. Once
the pin reaches its local supply level,
the acceleration current is disabled.
Figure 2 shows an example of the data
waveforms on a Smart Card pin and
a microcontroller pin.

For further information on any
of the devices mentioned in this
issue of Linear Technology, use
the reader service card or call the
LTC literature service number:

1-800-4-LINEAR

Ask for the pertinent data sheets
and Application Notes.

For the Smart Card clock pins,
special clock divider and synchroni-
zation circuitry allows easy interfacing
to a microcontroller. Separate clock
input pins are available to support
either asynchronous Smart Cards or
synchronous memory cards. A true
bidirectional mode is available to al-
low clock stretching for custom Smart
Card applications. In this mode, the
clock channel is identical to the data
channel with its bus accelerators.

Ease of Use

Figure 3 shows an example of the
LTC4556 used in a Smart Card to
RS232 application powered by only a
single Li-Ion battery. A simple 4-wire
command and status interface plus a
4-wire Smart Card communications
interface are all that is required. The
command/status serial port can be
easily daisy-chained, and the Smart
Card communications port paralleled,
to expand this application to virtu-
ally any number of Smart Cards while
maintaining the same number of wires
to the microcontroller.

Conclusion

The LTC4556 provides a compact,
simple and cost effective solution to
the difficult problems facing Smart
Card system designers. L7
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Dutubooks

Linear Technology currently has a set of seven databooks
organized by product family. This set supersedes all
previous Linear databooks. Each databook contains all
related product data sheets, selection guides, QML/
space information, package information, appendices,
and a complete reference to all of the other family
databooks.

Formore information, or to obtain any of the databooks,
contactyourlocal sales office (see the back of this maga-
zine), or visit www.linear.com.

Amplifiers—

* QOperational Amplifiers

e |nstrumentation Amplifiers

* Application Specific Amplifiers

References, Filters, Comparators, Special
Functions, RF & Wireless—

« Voltage References

* Monolithic Filters

» Comparators

« Special Functions

* RF & Wireless

Monolithic Switching Regulators —
¢ Micropower Switching Regulators
* Continuous Switching Regulators

Switching Regulator Controllers—
¢ DG/DC Controllers

* Digital Voltage Programmers

« Off-Line AG/DC Controllers

Linear Regulators, Power Management—
e Linear Regulators

e Charge Pump DC/DC Converters

* Battery Charging & Management

¢ Power Switching & MOSFET Drivers
 Hot Swap Controllers

* PCMCIA Power Controllers

¢ GCFL Backlight Converters

« Special Power Functions

Data Converters—

« Analog-to-Digital Converters
* Digital-to-Analog Converters
e Switches & Multiplexers

Interface, Supervisors—
¢ RS232/562

e RS485

* Mixed Protocol

» SMBus/I2C

* Supervisors

DESIGN TOOLS
www.linedrcom

Customers can quickly and conveniently find and retrieve
the latest technical information covering the Company’s
products on Linear's website. Located at www.linear.com,
the siteallows searching of data sheets, application notes,
design notes, Linear Technology magazine issues and
other LTC publications. The LTC website simplifies
searches by providing three separate searchengines. The
firstis a quick search function that provides a complete
list of all documentation for a particular word or part
number. There is also a product function tree that lists
all products in a given product family. The most pow-
erful, though, is the parametric search engine. It allows
engineers to specify key parameters and specifications
that satisfy their design requirements. Other areas within
the site include a sales office directory, press releases,
financialinformation, quality assurance documentation,
and corporate information.

Purchuse Products Online

Credit Card Purchases—Purchase online direct from
Linear Technology atwww.linear.com using a credit card.
Create a personalized account to check order history,
shipment information and reorder products.

Linear Express Distribution—Purchase any quantity
online, or via fax or phone. Credit terms are available
for qualifying accounts. Apply today at www.linear.com
or call (866) 546-3271.

Applicutions Hundbooks

Linear Applications Handbook, Volume I—AImost a
thousand pages of application ideas covered in depth by
40 Application Notes and 33 Design Notes. This catalog
covers a broad range of real world linear circuitry. In
addition to detailed, systems-oriented circuits, this
handbook contains broad tutorial content together
with liberal use of schematics and scope photography.
A'special feature in this edition includes a 22-page sec-
tion on SPICE macromodels.

Linear Applications Handbook, Volume Il —Continues
the stream of real world linear circuitry initiated by Volume
|. Similarin scope to Volume I, this book covers Applica-
tion Notes 40 through 54 and Design Notes 33 through
69. References and articles from non-LTC publications
that we have found useful are also included.

Linear Applications Handbook, Volume Il1—
This 976-page handbook includes Application Notes 55
through 69 and Design Notes 70 through 144. Subjects
include switching regulators, measurement and control
circuits, filters, video designs, interface, data converters,
power products, battery chargers and CCFL inverters.
An extensive subject index references circuits in Linear
data sheets, design notes, application notes and Linear
Technology magazines.

Brochures

PowerManagement & Wireless Solutions for Handheld
Products—The solutionsinthis product selection guide
solve real-life problems for cell phones, digital cameras,
PDAs and other portable devices. Circuits are shown for
Li-lon battery chargers, battery managers, USB support,
system power regulation, display drivers, white LED
drivers, photoflash chargers, DC/DC converters, SIM
and smart card interfaces, photoflash chargers, and RF
PA power supply and control. All solutions are designed
to maximize battery run time, save space and reduce
EMI where necessary—important considerations when
designing circuits for handheld devices.

Softwure

SwitcherCAD™ III/LTC SPICE—LTC SwitcherCAD Illisa
fully functional SPICE simulator with enhancements and
models to ease the simulation of switching regulators.
This SPICE is a high performance circuit simulator and
integrated waveformviewer, and also includes schematic
capture. Our enhancements to SPICE result in much
faster simulation of switching regulators than is pos-
sible with normal SPICE simulators. SwitcherCAD Il
includes SPICE, macromodels for 80% of LTC's switching
regulators and over 200 op amp models. It also includes
models of resistors, transistors and MOSFETs. With this
SPICE simulator, most switching regulator waveforms
can be viewed in a few minutes on a high performance
PC. Gircuits using op amps and transistors can also be
easily simulated. Download at www.linear.com

FilterCAD™ 3.0 —FilterCAD 3.0isacomputeraided de-
sign program for creating filters with Linear Technology’s
filter ICs. FilterCAD is designed to help users without
special expertise in filter design to design good filters
with a minimum of effort. It can also help experienced
filter designers achieve better results by playing “what if”
with the configurationand values of various components
and observing the results. With FCAD, you can design
lowpass, highpass, bandpass or notch filters with a
variety of responses, including Butterworth, Bessel,
Chebychev, elliptic and minimum Qelliptic, plus custom
responses. Download at www.linear.com

SPICE Macromodel Library—Thislibraryincludes LTC
op amp SPICE macromodels. The models can be used
with any version of SPICE for analog circuit simulations.
These models run on SwitcherCAD III/LTC SPICE.

Noise Program—This PC program allows the user to
calculate circuit noise using LTC op amps, determine
the best LTC op amp for a low noise application, display
the noise data for LTC op amps, calculate resistor noise
and calculate noise using specs for any op amp.

Information furnished herein by Linear Technology Corporation is believed to be accurate and reliable. However, no responsibility is assumed for its use. Linear Technology Corporation
makes no representation that the interconnection of its circuits, as described herein, will not infringe on existing patent rights.

Linear Technology Magazine ¢ May 2004

39



World Headquarters

Linear Technology Corporation
1630 McCarthy Blvd.

Milpitas, CA 95035-7417

Phone: (408) 432-1900

FAX: (408) 434-0507
www.linear.com

U.S. Sales Offices

NORTHWEST AREA
Bay Area

720 Sycamore Dr.
Milpitas, CA 95035
Phone: (408) 428-2050
FAX: (408) 432-6331

Denver

1300 Plaza Court North, Ste. 202
Lafayette, CO 80026

Phone: (303) 926-0002

FAX: (303) 926-0828

Portland

6700 SW 105th Ave., Ste. 207
Beaverton, OR 97008

Phone: (503) 520-9930

FAX: (503) 520-9929

Sacramento
Phone: (408) 432-6326

Salt Lake City
Phone: (801) 731-8008

Seattle

2018 156th Ave. NE, Ste. 100
Bellevue, WA 98007

Phone: (425) 748-5010

FAX: (425) 748-5009

SOUTHWEST AREA

Los Angeles

21243 Ventura Blvd., Ste. 208
Woodland Hills, CA 91364
Phone: (818) 703-0835

FAX: (818) 703-0517

Orange County

15375 Barranca Pkwy., Ste. A-213
Irvine, CA 92618

Phone: (949) 453-4650

FAX: (949) 453-4765

San Diego

5090 Shoreham Place, Ste. 110
San Diego, CA 92122

Phone: (858) 638-7131

FAX: (858) 638-7231

CENTRAL AREA

Chicago

2040 E. Algonquin Rd., Ste. 512
Schaumburg, IL 60173

Phone: (847) 925-0860

FAX: (847) 925-0878

Cleveland

7550 Lucerne Dr., Ste. 106
Middleburg Heights, OH 44130
Phone: (440) 239-0817

FAX: (440) 239-1466

Columbus
Phone: (614) 488-4466

Buy online at www.linear.com

Detroit
Phone: (248) 374-2243

Indiana
Phone: (317) 581-9055

Kansas
Phone: (913) 829-8844

Minneapolis

7201 W. 78th St., Ste. 210
Bloomington, MN 55439
Phone: (952) 903-0605
FAX: (952) 903-0640

Wisconsin
Phone: (262) 859-1900

NORTHEAST AREA
Boston

15 Research Place

North Chelmsford, MA 01863
Phone: (978) 656-4750

FAX: (978) 656-4760

Connecticut
Phone: (203) 680-6283

Maryland/Virginia

10440 Little Patuxent Pkwy., Ste. 900
Columbia, MD 21044

Phone: (410) 884-4036

FAX: (410) 740-4998

Philadelphia

3220 Tillman Dr., Ste. 120
Bensalem, PA 19020
Phone: (215) 638-9667
FAX: (215) 638-9764

SOUTHEAST AREA
Atlanta
Phone: (770) 888-8137

Austin

8500 N. Mopac, Ste. 603
Austin, TX 78759

Phone: (512) 795-8000
FAX: (512) 795-0491

Dallas

17000 Dallas Pkwy., Ste. 200
Dallas, TX 75248

Phone: (972) 733-3071

FAX: (972) 380-5138

Fort Lauderdale
Phone: (954) 986-9810

Houston

1080 W. Sam Houston Pkwy., Ste. 225
Houston, TX 77043

Phone: (713) 463-5001

FAX: (713) 463-5009

Huntsville
Phone: (256) 885-0215

Orlando
Phone: (407) 688-7616

Raleigh

15100 Weston Pkwy., Ste. 202
Cary, NC 27513

Phone: (919) 677-0066

FAX: (919) 678-0041

Tampa
Phone: (813) 634-9434

Asia Sales Offices

CHINA

Linear Technology Corp. Ltd.
Unit 2108, Metroplaza Tower 2
223 Hing Fong Road

Kwai Fong, N.T., Hong Kong
Phone: +852 2428-0303

FAX: +852 2348-0885

Linear Technology Corp. Ltd.
Room 1610, Central Plaza

No. 227 Huangpi Bei Lu
Shanghai, 200003, PRC
Phone: +86 (21) 6375-9478
FAX: +86 (21) 6375-9479

Linear Technology Corp. Ltd.
Room 707, 7th Floor

Beijing Canway Building

66 Nan Li Shi Lu

Beijing, 100045, PRC

Phone: +86 (10) 6801-1080
FAX: +86 (10) 6805-4030

Linear Technology Corp. Ltd.
Rm. 2109, Shenzhen Kerry Centre
2008 Shenzhen Renminnan Lu
Shenzhen, China

Phone: +86 755-8236-6088

FAX: +86 755-8236-6008

JAPAN

Linear Technology KK

8F Shuwa Kioicho Park Bldg.
3-6 Kioicho Chiyoda-ku
Tokyo, 102-0094, Japan
Phone: +81 (3) 5226-7291
FAX: +81 (3) 5226-0268

Linear Technology KK

6F Kearny Place Honmachi Bldg.
1-6-13 Awaza, Nishi-ku
Osaka-shi, 550-0011, Japan
Phone: +81 (6) 6533-5880

FAX: +81 (6) 6543-2588

Linear Technology KK

3F Sakae Members Office Bldg.
4-16-8 Sakae, Naka-ku
Nagoya, 460-0008, Japan
Phone: +81 (52) 269-9510
FAX: +81 (52) 269-9520

KOREA

Linear Technology Korea Co., Ltd.
Yundang Building, #1002
Samsung-Dong 144-23
Kangnam-Ku, Seoul 135-090

Korea

Phone: +82 (2) 792-1617

FAX: +82 (2) 792-1619

SINGAPORE

Linear Technology Pte. Ltd.
507 Yishun Industrial Park A
Singapore 768734

Phone: +65 6753-2692

FAX: +65 6752-0108

TAIWAN

Linear Technology Corporation
8F-1, 77, Nanking E. Rd., Sec. 3
Taipei, Taiwan

Phone: +886 (2) 2505-2622

FAX: +886 (2) 2516-0702

LY LR

Europe Sales Offices

FRANCE

Linear Technology S.A.R.L.
Immeuble “Le Quartz”

58, Chemin de la Justice
92290 Chatenay Malabry
France

Phone: +33 (1) 41 07 95 55
FAX: +33 (1) 46 31 46 13

Linear Technology

“Le Charlemagne”

140, cours Charlemagne
69286 Lyon Cedex 2
France

Phone: +33 (4) 72 41 63 86
FAX: +33 (4) 72 41 62 99

GERMANY

Linear Technology GmbH
Oskar-Messter-Str. 24
D-85737 Ismaning
Germany

Phone: +49 (89) 962455-0
FAX: +49 (89) 963147

Haselburger Damm 4
D-59387 Ascheberg
Germany

Phone: +49 (2593) 9516-0
FAX: +49 (2593) 951679

Zettachring 12

D-70567 Stuttgart
Germany

Phone: +49 (711) 1329890
FAX: +49 (711) 7285055

ITALY

Linear Technology Italy Srl
Via Giovanni da Udine, 34
1-20156 Milano

Italy

Phone: +39 (02) 38093656
FAX: +39 (02) 38093659

SWEDEN

Linear Technology AB
Sollentunavagen 63
S-191 40 Sollentuna
Sweden

Phone: +46 (8) 623-1600
FAX: +46 (8) 623-1650

UNITED KINGDOM

Linear Technology (UK) Ltd.

3 The Listons, Liston Road

Marlow, Buckinghamshire SL7 1FD
United Kingdom

Phone: +44 (1628) 477066

FAX: +44 (1628) 478153

www.linear.com

© 2004 Linear Technology Corporation/Printed in U.S.A./35.5K

Linear Technology Magazine ® May 2004



