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Introduction
Many modern electronic devices need
a means to automatically and
smoothly switch between power
sources when prompted by the inser-
tion or removal of any source. The
LTC4412 permits low loss OR-ing of
multiple power sources for extended
battery life and low self-heating. The
LTC4412 controls external P-chan-
nel MOSFET power switches to create
a near ideal diode function for power
switchover applications or load
sharing PowerPath™ management ap-
plications. When conducting, the
voltage drop across the MOSFET is
typically only 20mV. It also provides
power monitoring circuitry and ex-
ternal control for integration with
other parts of the power management
system. The low component count
results in a low overall system cost
and, with its ThinSOT™ 6-pin pack-
age, a compact design solution. It’s
versatile enough to be used in a vari-
ety of diode OR-ing applications.

For battery powered applications
that also can be powered from a wall
adapter or other “auxiliary” power
source, the load is automatically dis-
connected from the battery when the
auxiliary source is connected, so that
no current is drawn from the battery.
When the auxiliary source is discon-
nected, operation reverts back to the

Ideal Diode Controller
Eliminates Energy
Wasting Diodes in Power
OR-ing Applications

by David Laude

battery. An AC adapter present signal
is available. The LTC4412 also has
built in reverse supply protection.
Multiple LTC4412s can be ganged
together to provide load sharing be-
tween multiple batteries, or to allow
multiple batteries to be charged from
a single battery charger. The pre-
cisely controlled ideal diode behavior
of the LTC4412 is crucial to maintain
current balance when multiple bat-
teries are discharged or charged while
connected to a single load or source,

The advantages of the LTC4412
ideal diode PowerPath controller are
shown in Figure 1. The forward volt-
age drop of the ideal diode is far less
than that of a conventional diode and
the reverse current leakage can be
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Issue Highlights LTC in the News…
On October 15, Linear Technol-

ogy Corporation announced its
financial results for the 1st quarter
of fiscal year 2003. According to
Robert H. Swanson, Chairman of
the Board and CEO, “Due to un-
certainties surrounding worldwide
economies, particularly in the
United States, our sales and prof-
its, while improving year over year,
have been largely unchanged from
the prior quarter. We continue to
be strongly profitable, as demon-
strated by our 38% return on sales,
and also strongly cash flow posi-
tive from operations.

Looking forward, general eco-
nomic conditions do not appear
that they will improve significantly
in the short-term. Nevertheless,
we are well positioned, especially
internationally, in some new pro-
grams at customers, which should
ramp up during the December
quarter. However, within the quar-
ter, it is likely that December will
be a slow month, particularly in
the United States, as many cus-
tomers will have plant shutdowns
this calendar year-end around the
holiday season. Therefore, confi-
dently and accurately forecasting
short-term future results is diffi-
cult. In summary, we estimate that
sales and profits will be similar to
or slightly up from the September
quarter.”

The Company reported net sales
of $142,011,000 and net income of
$53,802,000 for the quarter ended
September 29, 2002. Diluted earn-
ings were $0.17 per share. 

This issue of Linear Technology
magazine is rich in Design Features,
showcasing innovative new devices
that advance the state of the art of
analog circuit development.

We begin with the  LTC4412 ideal
diode controller, which permits low
loss OR-ing of multiple power sources
for extended battery life and low self-
heating. The LTC4412 controls
external P-channel MOSFET power
switches to create a near ideal diode
function for power switchover or load
sharing applications. When conduct-
ing, the voltage drop across the
MOSFET is typically only 20mV. It
also provides power monitoring cir-
cuitry and external control for
integration with other parts of the
power management system. The low
component count results in a low
overall system cost and, with its Thin-
SOT 6-pin package, a compact design
solution. It’s versatile enough to be
used in a variety of diode OR-ing
applications.

This magazine’s first RF feature
covers the LT5502 high performance
limiting amplifier and quadrature IF
demodulator. The LT5502 operates
with a 70MHz to 400MHz input fre-
quency over the widest supply voltage
range in the industry—from 5.25V
down to 1.8V. This allows the LT5502
to run directly from a single Lithium
Ion battery or from two or more NiCd
or NiMH batteries. In combination
with an appropriate RF front end and
RF/IF bandpass filters, the LT5502
forms a wideband receiver for
applications at 900MHz, 1.8GHz,
2.4GHz–2.5GHz or other frequencies.
The LT5502 can even be used as a
free-standing receiver at frequencies
below 400MHz.

This issue continues with the sec-
ond part of the three-part series about
Powered Ethernet. The article appear-
ing here covers the operation of the
PD in detail. Part 1 appeared in the
August 2002 issue of the Linear Tech-
nology magazine and covered the
power details of the system, with a

focus on the PSE (Power Sourcing
Equipment) and its characteristics.

The next two features cover two
versatile new amplifiers.

The first is the LT1818 and LT1819
family of low distortion single and
dual operational amplifiers. Each of-
fers 400MHz gain bandwidth product
and 2500V/µs slew rate. The parts
operate with supplies from ±2V to
±6V and draw a typical supply cur-
rent of only 9mA per amplifier.

The second covers the LTC6910-1,
which is programmable for eight gain
magnitudes of 0, 1, 2, 5, 10, 20, 50, or
100 Volts/Volt. This tiny DC-coupled,
low-noise, self-contained amplifier,
useful to low Megahertz frequencies,
replaces expensive combinations of
op amps and resistor arrays. The 8-
lead TSOT-23 package needs no other
analog components.

We end with three power product
features. The first covers three new
power supply supervisors that im-
prove system reliability by offering
more accurate reset thresholds than
other supervisors on the market. They
also save design time, production
costs and board space with easy-to-
use, flexible interfaces and a low
external parts count.

The second introduces the LT1961
monolithic, current-mode, boost con-
verter with a very high switching
frequency and an onboard monolithic,
high-current  power switch. The power
switch is included in the tiny MSOP
8-pin exposed leadframe package,
dramatically shrinking layout and
board space for most designs.

The final feature showcases the
LT3710 controller, which brings sim-
plicity, high efficiency and precision
regulation to multiple output isolated
power supply applications.

On page 33 is a short informa-
tional article about the LTC1744, a
14-bit ADC that has excellent dy-
namics and linearity at sampling rates
up to 50Msps.

Starting on page 34 are three new
Design Ideas covering a variety of

applications, from a simple solution
to low noise isolated power conver-
sion, to a bootstrapped power supply
that permits single rail amplifier out-
put swing to  ground (and below).

At the back are four New Device
Cameos. See www.linear.com for com-
plete device specifications and more
applications information. 
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LT1970, continued from page 1
smaller for the ideal diode as well. The
tiny forward voltage drop lowers power
losses and self-heating, resulting in
extended battery life. The very low
reverse leakage, when compared to
Schottky diodes, is also beneficial in
some applications.

The wide supply operating range of
2.5V to 28V supports operation with
one to six Li-Ion batteries in series.
The types of power sources that can
be used include all those that are
within the supply operating range.
The low quiescent current of 11µA
with a 3.6V supply is independent of
the load current. The LTC4412 also
features a status pin that can be used
to enable an auxiliary MOSFET power
switch for additional power savings
when an auxiliary input is utilized. It
may also be used to indicate to a
microcontroller that an auxiliary sup-
ply, such as a wall adapter, is present.
A control input pin is provided to
extend applications to those that can
benefit from external control, such as
from a microcontroller.

Applications include anything that
must take power from several inputs,
including cellular phones, portable
computers, PDAs, MP3 players and
electronic video and still cameras,
USB peripherals, wire-ORed multi-
powered equipment, uninterruptible
power supplies for alarm and emer-
gency systems, systems with standby
capabilities, systems that use load
sharing between two or more batter-
ies, multi-battery chargers, and logic
controlled power switches.

How It Works
Figure 2 shows a circuit that auto-
matically switches the power supply
between a battery and a wall adapter
(or other types of power inputs). The
supply inputs are slowly ramped, as
seen in Figure 3, to illustrate opera-
tion of the circuit. For the sake of this
discussion the load is purely resis-
tive, and the terms primary and
auxiliary are arbitrary and inter-
changeable.

First the battery primary input,
which powers the VIN pin, is ramped
up from 0V while the auxiliary input

is absent. At about 0.6V the drain-
source diode of the P-channel
MOSFET transistor begins to forward
bias and pulls the output up (time
B1). Once the primary input reaches
a voltage sufficient to drive the MOS-
FET gate and power the LTC4412, the
forward regulation mode is achieved
(B2). Now the output voltage is regu-
lated to typically 20mV (10mV min)

below the input. If the load current
varies, the GATE pin voltage is con-
trolled to maintain 20mV unless the
load current exceeds the P-channel
MOSFET’s ability to deliver the cur-
rent with a 20mV VDS. If the RON is not
low enough to maintain forward regu-
lation then the gate voltage reaches
ground or clamps 7V below the higher
of the voltages on the VIN or SENSE

pins. Once clamped the MOSFET be-
haves as a constant low value resistor,
and the forward voltage increases
slightly. During this forward regula-
tion mode of operation the STAT pin is
an open circuit and the 470k resistor
pulls the voltage up to the VCC supply,
which can be as high as 28V.

When a wall adapter or other sup-
ply connected to the auxiliary input is
applied the SENSE pin voltage rises.
The battery voltage also rises slightly
from being unloaded. As the SENSE
voltage pulls above VIN – 20mV the
LTC4412 pulls the GATE voltage up
to turn off the P-channel MOSFET
(A1). When the voltage on SENSE
exceeds VIN + 20mV the STAT pin
sinks 10µA of current to indicate that
an AC wall adapter is present. The
system is now in the reverse turn off
mode. Power to the load is being deliv-
ered through the external diode and
no current is drawn from the battery.
Should the primary input now be
removed there is no effect (A2). When
the primary input is applied and the

Figure 3. Operation waveforms
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“The forward voltage drop
of the ideal diode is far less
than that of a conventional

diode…”
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wall adapter voltage must be high
enough to overcome the diodes for-
ward voltage drop. Note that the
external MOSFET is wired so that the
drain to source diode will reverse bias
when a wall adapter input is applied.
If the control input (CTL pin) is as-
serted high the GATE voltage is forced
to the higher of the voltages on the VIN
pin or the SENSE pin turning the
MOSFET off. Also the STAT pin will
sink 10µA of current if connected.
This feature is useful for forced switch-
ing of the load between two power
sources. The drain to source diode
inherent in MOSFETs require that
series back to back MOSFETs, with
gates tied together, be used to fully
isolate a power source.

Lowest Loss Automatic
PowerPath Control
Figure 4 illustrates an application
circuit for automatic switchover of
load between a battery and a wall
adapter that features lower power
loss in the auxiliary path than the
circuit of Figure 2. Operation is simi-
lar to Figure 2 except that a P-channel
MOSFET (Q2) replaces the diode. The
STAT pin is used to turn on Q2 once
the SENSE pin voltage exceeds the
battery voltage by 20mV. When the
wall adapter input is applied the drain-
source diode of Q2 turns on first to
pull up the SENSE pin and load volt-
ages, followed by Q2’s gate turning
on. Once Q2 has turned on, the volt-
age drop across it can be very low
depending on the MOSFET’s charac-
teristics.

Load Sharing
Figure 5 illustrates an application
circuit for dual battery load sharing
with automatic switchover of power
between batteries and a wall adapter.
Whichever battery can supply the
higher voltage provides the load cur-
rent until it is discharged to the voltage
of the other battery. Then, the load is
shared between the two batteries with
the higher capacity battery providing
proportionally higher current to the
load. When a wall adapter input is
applied both MOSFETs turn off and
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silicon diode could be used instead of
the Schottky, but will result in higher
power dissipation and heating due to
the higher forward voltage drop. The

auxiliary input is removed the circuit
reverts to battery operation (B3).

The external diode is used to pro-
tect against auxiliary input faults. A

continued on page 15
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Introduction
The LT5502 is a high performance
limiting amplifier and quadrature IF
demodulator that operates with
70MHz to 400MHz input frequency
over the widest supply voltage range
in the industry—from 5.25V down to
1.8V. This allows the LT5502 to run
directly from a single Lithium Ion
battery or from two or more NiCd or
NiMH batteries. In combination with
an appropriate RF front end and RF/
IF bandpass filters, the LT5502 forms
a wideband receiver for applications
at 900MHz, 1.8GHz, 2.4GHz–2.5GHz
or other frequencies. The LT5502 can
even be used as a free-standing re-
ceiver at frequencies below 400MHz.

Circuit Description
The LT5502 consists of an IF limiting
amplifier with 84dB small-signal gain,
quadrature-converting mixers, low-
pass filters and a receive signal
strength indicator (RSSI) section. Fig-
ure 1 shows the LT5502 block
diagram. In operation, an IF signal is
limited by high gain amplifiers and is
then demodulated into in-phase (I)
and quadrature (Q) baseband signals
using quadrature local oscillator (LO)
carriers that are generated on-chip
from an external 2␣ × ␣ LO signal. The
demodulated I/Q baseband signals
are passed through fully integrated
5th order lowpass filters and output
drivers.

The LT5502 has a 4dB noise figure
and an achievable sensitivity of –
86dBm. Figure 2 shows the baseband
I/Q output voltage swing versus IF
input power at an IF frequency of
280MHz. The RSSI is built into the IF
limiter, and offers a linear IF signal
detection range of 90dB.

The quadrature demodulators are
double-balanced mixers. The quadra-
ture LO carriers are obtained from an
on-chip divide-by-two circuit. For this

reason, the external 2␣ × ␣ LO signal
must be twice the LO frequency.

The lowpass filters on the I and Q
channels serve for antialiasing and
pulse shaping. The 3dB corner fre-
quency is 7.7MHz and the group delay
ripple is less than 17ns. The filter
characteristics are stable over the
–40°C to 85°C temperature range.

The LT5502 has two reduced-power
modes of operation. In shutdown
mode, supply current is reduced to
less than 1µA. In standby mode with
current consumption of 2.6mA, the
baseband outputs are prebiased at

their nominal quiescent voltages. This
allows instant turn-on with no delay
when the LT5502 is interfaced to a
baseband chip using large coupling
capacitors.

Applications and
Implementation Issues
The LT5502 can be implemented on
2-layer, 4-layer or multilayer printed
circuit boards, depending on the prod-
uct circuit complexity and cost
considerations. FR-4, GETEK and
other PCB materials can be used.
Product designers should provide a
solid ground plane on the top layer of
the PCB and multiple ground vias
around the IC’s ground pins. The
ground plane on the top layer of the
PCB should also be connected to the
designated RF ground plane (located
on the second layer) with multiple
ground vias. All of the RF bypass
capacitors should be placed adjacent
to their designated IC pins. Bypass
capacitors and IC ground pins should
not share ground vias, to avoid ground
loops. The IF input single-ended-to-
differential conversion/matching
circuit should be placed as close as
possible to pins 6 and 7 of the LT5502.
The LO input single-ended-to-differ-
ential conversion/matching circuit

High Performance 400MHz Quadrature
IF Demodulator Runs from 1.8V Supply
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Figure 1. LT5502 block diagram

Figure 2. Baseband I/Q differential output
voltage swing and RSSI output versus IF
input power (IF Frequency = 280MHz, with a
1:4 IF input transformer, and without IF
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should be placed as close as possible
to pins 18 and 19 of the LT5502.

Application Example
In the example of Figure 3, an input
signal of 2.4GHz to 2.5GHz is con-
verted to a popular 280MHz IF
frequency. The Rx front end (refer to
Figure 4) typically consists of an in-
put bandpass filter to provide image
frequency rejection and an LNA (low
noise amplifier) to establish a low
system noise figure to meet sensitiv-
ity requirements, followed by a
down-converting mixer.

The main LO uses low-side injec-
tion. A 280MHz IF SAW bandpass
filter provides protection from strong
interfering signals in adjacent alter-
nate channels and out of band. The
LT5502’s 5th order I/Q lowpass fil-
ters offer very good adjacent channel
rejection at the baseband outputs,

allowing product designers to relax
requirements for the IF SAW filter
performance and to use lower cost
parts. The limiting IF amplifiers elimi-
nate the need for an AGC function,
and the dedicated RSSI output offers
an unfiltered signal in real time with
minimal delay. This simplifies require-
ments for the baseband and DSP
portions of the product. External
single-ended-to-differential converter
circuits are employed at the IF and LO
inputs. Direct termination of the IF
input with a 50Ω resistor is possible,
with small sensitivity degradation.

For time-division-duplex or half-
duplex receive/transmit applications
(IEEE 802.11 et al.), the receiver front-
end shares the input bandpass filter
(BPF) and antenna with the transmit-
ter (again, see Figure 4). The LNA is
followed by an optional BPF (depend-
ing on the application’s image rejection

requirements), a mixer and an IF fil-
ter. Typically, for IEEE 802.11
applications, the LNA has two gain
settings: HIGH gain (15dB to 20dB)
and LOW gain (0dB to –15dB) to satisfy
input signal ranges from –80.0dBm
to –4.0dBm.

The typical receiver NF perfor-
mance is shown in Table 1. The
cascaded NF of the receiver is 9.77.
Considering the case where the noise
BW is 7.7MHz and the signal-to-noise
ratio (S/N) is 10dB, the receiver sen-
sitivity at room temperature is given
by:

kTB + NF + S/N =
–105.14dBm + 9.77dB + 10.00dB =
–85.37dBm

which satisfies the sensitivity require-
ments of the IEEE 802.11 standard
with a conservative S/N of 10dB. Prod-
uct designers must select the trip

Table 1: Typical receiver NF performance (high gain mode)

 1st BPF RF switch LNA 2nd BPF Mixer IF BPF LT5502 Cascaded 

Noise Figure, dB 2.5 1.0 4.0 2.5 14.0 10.0 4 9.77 
Gain, dB –2.5 –1.0 15 –2.5 6.0 –10.0 84.0 89.0 

Figure 3. Example of 2.4GHz–2.5GHz receiver application (Rx IF = 280MHz)
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point for LNA HIGH/LOW gain
switching depending on the actual
application. The intermodulation per-
formance of the overall receiver is
determined by the front-end circuitry
performance.

Interstage IF Filter
The LT5502 has provisions (pins 12
and 13) for an optional interstage IF
filter (see Figure 5). This filter can be
implemented with or without shunt
resistor R1. The interstage filter can
provide an additional sensitivity in-
crease of 2dB to 3dB, depending on
the Q-factor of the tank circuit. Use of
the interstage filter may result in an
increase of the group delay ripple at
the baseband outputs.

IF Input External Circuitry
The external IF input circuitry to the
LT5502 can be configured in several
different ways, depending on cost,

available board space and perfor-
mance considerations.

The discrete single-ended-to-dif-
ferential circuit in Figure 6a provides
narrow band conversion and imped-
ance matching. The cascaded NF is
degraded by the input matching cir-
cuit loss, typically 0.75dB to 1.5dB.
The component values shown in Fig-
ure 6a are for a 280MHz IF.

A 1:4 RF transformer with a 240Ω
resistor in the secondary (Figure 6b)
provides a broadband 50Ω imped-
ance match at the primary. A
Mini-Circuits JTX-4-10T 1:4 RF trans-
former or similar transformers from
other manufacturers can be used.
The cascaded NF is degraded by the
transformer loss (1.0dB to 2.0dB). A
1:1 RF transformer can also be used
with a 51Ω to 62Ω terminating resistor
in the secondary of the transformer.

The circuit in Figure 6c offers a
simple and economical solution for

single-ended-to-differential conver-
sion, although with a penalty of
reduced sensitivity. A 62Ω resistor
provides broadband 50Ω impedance
matching. The cascaded NF for the IF
circuit is degraded by 2.0dB.

LO Input External Circuitry
The LO input of the LT5502 can be
configured in two different ways, de-
pending on the cost, the available
board space and performance con-
siderations. Direct 50Ω resistive
termination is not recommended be-
cause it would lead to an increase of
LO leakage, which, in turn, may cause
sensitivity degradation as well as deg-

IF INPUT

3.3pF

3.3pF

22nF

120nH

6

7
TO LT5502

IF INPUT

22nF
6

7
TO LT5502

240Ω

1:4 RF
TRANSFORMER

IF INPUT

22nF

22nF
6

7
TO LT5502

62Ω

a.

b.

c.

Figure 6. IF single-ended-to-differential input
conversion and impedance matching
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Figure 5. Example of an LT5502 interstage filter

Figure 4. Example configuration of a 2.4 GHz–2.5GHz receiver
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MATCHING 
NETWORK

CS1  3.3pF

CS2  3.3pF

LSH
120nH

IF INPUT

C5  22nF

TO IF+

TO IF–

MATCHING 
NETWORK

CS1

CS2

LM LR

IF INPUT

C5  22nF

TO IF+

TO IF–

INPUT
IMPEDANCE

Figure 8. Input matching equivalent circuits

radation of the quadrature matching
of the I/Q outputs.

The discrete single-ended-to-dif-
ferential circuit in Figure 7a provides
relatively broadband conversion and
impedance matching. LO leakage to
the IF input is minimal due to com-
mon mode rejection. Values shown
are for a 560MHz LO frequency to
support a 280MHz IF frequency.

A 1:4 RF transformer with a 240Ω
resistor in the secondary (Figure 7b)
provides a broadband 50Ω imped-
ance match at the primary. LO leakage
to the IF input is minimal, due to
common mode rejection. A Mini-Cir-
cuits JTX-4-10T 1:4 RF transformer
or similar transformers from other
manufacturers can be used. A 1:1 RF

transformer can also be used with a
51Ω to 62Ω terminating resistor in
the secondary of the transformer.

Conclusion
The LT5502 is the first IF receiver in
the industry to offer high performance
with a supply voltage range spanning
1.8V to 5.25V. Its integrated on-chip,
lowpass filters and intrinsically low
noise operation allow it to meet radio
system specifications with a wide va-
riety of input termination options.
The LT5502 is designed to simplify
the job of the RF product engineer,
offering a range of favorable tradeoffs
depending on the cost and sensitivity
requirements of the application. 

Addendum: Input Impedance
Matching Procedures for
Single-Ended-to-Differential
Conversion
1. Turn input impedance into real

resistance. The shunt inductor LSH
can be divided into two compo-
nents: LR and LM (Figure 8). The LR
is used to resonate out the input
capacitance, CIN, of the LT5502,
which is about 1.2pF. Its value can
be determined by:

L
f C f

nHR
C IN C

=
( )

• • ( )1

2

2 11 10
2

19

2π

.

2. Calculate LM, CS1 and CS2. After
the input capacitive component is
resonated out, the input imped-
ance becomes real RIN, which is
about 2.2k. The LM, CS1 and CS2
are used to convert RIN into 50Ω.
The following formulas can be used
to calculate their values:

C C
f R f

pFS S
C IN C

1 2
81

50
9 6 10= =

•
• • ( )

π
.

L
R

f f
nHM

IN

C C
= • = • ( )50

2
5 288 1010

π
.

3. Combine LM and LR into LSH using
the following equation:

L
L L
L LSH

R M

R M
= •

+

240Ω

1:4 RF
TRANSFORMER

IF SYNTHESIZER

IF SYNTHESIZER

2nd LO
560MHz

2.7pF

2.7pF30nH

30nH

1nF1nF

240Ω

18 19

TO LT5502

18 19

TO LT5502

2nd LO

a. b.

Figure 7. LO single-ended-to-differential input conversion and impedance matching
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Introduction
An IEEE 802.3af Powered Ethernet
connection provides both the familiar
10/100/1000MB/s data link and
13W worth of 48V DC power to a
connected device. Such a device,
known as a PD (for Powered Device),
can be a digital Voice-Over-IP phone,
a network wireless access point, a
PDA charging station, an HVAC
thermostat, or almost any small
Ethernet-connected data device that
would otherwise be powered by a wall
transformer. A PD need not use the
data link at all; something as simple
as a cell phone battery charger or an
illuminated exit sign could draw its
power from an Ethernet connection.

This article is the second in a three-
part series on Powered Ethernet. This
issue covers the operation of the PD
in detail. Part 1 appeared in the last
issue of the Linear Technology maga-
zine and covered the power details of
the system, with a focus on the PSE
(Power Sourcing Equipment) and its
characteristics. Part 3 will discuss
the nuances of detection and classifi-
cation—the mechanism that the
802.3af standard uses to ensure that
PDs receive power while legacy data-
only devices remain unpowered.

Characteristics of a PD
Power arrives at the PD on a standard
CAT-5 network cable via an RJ-45
connector. A CAT-5 wire contains four
twisted pairs of 24-gauge wire (8 con-
ductors in total). Two of the pairs—the
“signal” pairs, at pin pairs (1, 2) and
(3, 6) on the RJ-45 connector, shown
in Figure 1—are used for the stan-
dard 10/100 Ethernet transmit and
receive links. The two other pairs—
the “spare” pairs, at pin pairs (4, 5)
and (7, 8) are unused in 10/100 net-
works. 1000BASE-T networks use all
four pairs. 48V appears on the cable
as a difference in the common-mode
voltages between the two signal pairs
or the two spare pairs (but never

both). The signal pairs are trans-
former-isolated as they enter the PD
to strip the DC out of the data signal
path; the power is taken from center
taps on these transformers and passed
to the PD input circuitry, as shown in
Figure 2. The spare pairs may or may
not be transformer isolated.

To be considered an IEEE-802.3af
PD, a device must meet several crite-
ria. A PD must be able to accept power
over either the signal pairs or the
spare pairs, since a PSE is allowed to
power either set. This is typically ac-
complished by diode ORing the two
power inputs, as shown in Figure 3a.
This circuit has the additional advan-
tage of removing the signature from
the unused set of pairs when the
power is applied to the other set, a
requirement of the IEEE spec. PDs
are not allowed to draw power from
both sets of pairs simultaneously.

Diode bridges can be used to imple-
ment auto-polarity; this is useful since
many CAT-5 cables are wired as cross-
over cables, so voltage polarity is likely
to arrive reversed instead of forward.
An alternate connection, shown in
Figure 3b, uses single diodes and a
third reverse biased diode to present
an invalid signature when the polar-
ity is reversed. This circuit will work
with 802.3af systems, although it will
not be powered if a crossover cable is
used.

All PDs must present a character-
istic 25kΩ signature impedance at
the power inputs when probed with
voltages between 2.8V and 10V. The
signature impedance is allowed to

New Power for Ethernet—Powered
Devices (Part 2 of a 3-Part Series) by Dave Dwelley

Powered Ethernet Promises to Remove Warts
An excerpt from Part 1 of this series:
For years, data has passed over Ethernet CAT-5 networks, primarily to and
from servers and workstations. The IEEE 802.3 group, the originator of the
Ethernet standard, is currently at work on an extension to the standard,
known as 802.3af, which will allow DC power to be delivered simulta-
neously over the same wires. This promises a whole new class of Ethernet
devices, including IP telephones, wireless access points, and PDA charging
stations, which do not require additional AC wiring or external power
transformers (“wall warts”).

TO PHY

TO PHY

1

4

7

3

2

5

8

6

48V FROM
SIGNAL PAIRS

48V FROM
SPARE PAIRS

SIGNAL PAIRS

SPARE PAIRS

+ OR –*

+ OR –*

+

–

*SIGNAL PAIRS CAN BE EITHER POLARITY

Figure 2. Deriving power from the cable

8 7 6 5 4 3 2 1

SIGNAL
PAIRS

48V

SPARE
PAIRS

±* ±*

48V

+–

RJ-45
CONNECTOR

CAT-5
CABLE

*SIGNAL PAIRS
CAN BE
EITHER
POLARITY

Figure 1. Signal and spare
pairs on RJ-45 connector
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have up to three diodes in series, to
allow for diode-based power steering
and autopolarity circuits. This signa-
ture is an indication to the PSE,
typically the Ethernet switch or hub,
that the device on the end of the wire
is, in fact, a PD, and won’t be dam-
aged if the PSE applies 48V to it.
Older Ethernet devices, such as net-
work interface cards and non-powered
hubs, typically present common-mode
impedances of around 150Ω, well
away from the valid PD impedance.

A second, optional signature may
be presented at the terminals when
probed with between 15V and 20V.
This “classification” signature indi-
cates to the PSE the maximum power
the PD will draw so the PSE can
budget power if it chooses to. The
classification signature appears as a

constant current drawn by the PD at
the input terminals. Table 1 shows
the classes and their constant cur-
rent signatures. Classes 1, 2 and 3
are used when the power is known.
Class 0 is assigned if the PD chooses
not to implement the classification
signature. Class 0 means the PSE
does not know how much power the
PD may draw, although it’s generally
wise to budget Class 3 power for such
a PD. Class 4 is reserved for future
use.

Once the PD has identified itself to
the PSE, the PSE will apply a voltage
between 44V and 57V to the wire. The
PD now has several obligations. It
should not draw significant load cur-
rent until the terminal voltage rises
above 30V (to avoid interfering with
the classification signature), yet it
must be fully operational by the time
the line voltage reaches 42V. It can
never draw more than 350mA or
12.95W continuously, whichever is
less (brief surges to 400mA are al-
lowed under some circumstances). It
needs to operate with as much as 20Ω
of wire in series with the input, which
can cut the input voltage by as much
as 8V during a 400mA current surge.
This mandates adequate hysteresis
between the turn-on and turn-off
voltages to prevent motorboating—

oscillating on and off—when the load
is first applied and the input voltage
is low. The PD must have an input
capacitance below 180µF to keep the
power-on current surge to a reason-
able level; if this input capacitance is
larger than 180µF, the PD must ac-
tively limit the inrush current to keep
it under 350mA. Finally, the PD must
maintain at least 10mA of current
draw and must maintain an AC im-
pedance of 33kΩ or less to avoid being
disconnected.

LTC4257 PD Power Interface
Controller
The LTC4257, shown in Figure 4, is
designed to satisfy the specific de-
mands that the IEEE standard places
on a PD, allowing designers to focus
on overall system design without wor-
rying about compliance. The LTC4257
includes a trimmed 25k signature
resistance on-board, and a full
classification signature circuit, pro-
grammable to classes 0, 1, 2, 3 or 4
with a single external resistor. An on-
chip power MOSFET keeps the PD
circuitry disconnected from the line
until the voltage rises above 40V. An
inrush current limiting circuit keeps
the line current below 400mA at all
times, and thermal limiting protects
the circuit from extreme fault condi-
tions. The only task passed on to the
rest of the PD circuitry is keeping the
continuous power drain under
12.95W (or lower, if Class 1 or 2),
something a switching regulator, such
as the LT1871, does automatically.
The regulator circuit must also main-
tain the required minimum 10mA
current draw, a requirement usually
met by the quiescent operating cur-
rent of the system.

GND

RCLASS

RCLASS

SMAJ58A

RTN

–48V

1N4002

SIGDISA

PWRGD

LTC4257
VIN

SHDN

C1
4.7µF
100V

RPULLUP
51k

3.3V
TO LOGICGND

SWITCHING
POWER SUPPLY

VIN VOUT

POWER
SOURCING
EQUIPMENT

(PSE) +

–

+

Figure 4. Typical PD application

Class PD Maximum Power Nominal Classification Signature Current 

0 0.44W–12.95W < 5mA  
1 0.44W–3.84W 10.5mA 

2 3.84W–6.49W 18.5mA 

3 6.49W–12.95W 28mA 

4 Class 4 is currently reserved 
and should not be used  

40mA 

Table 1. PD power classifications and signature currents

48V TO PD

FROM
SIGNAL

PAIRS

+
–

FROM
SPARE
PAIRS

+

–

+

–

Figure 3b. Non-autopolarity input circuit

48V TO PD

FROM
SIGNAL

PAIRS

–
+

FROM
SPARE
PAIRS

+ OR –

+ OR –

+ OR –

+ OR –

Figure 3a. Autopolarity input circuit

continued on page 27
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Introduction
The LT1818 and LT1819 are low dis-
tortion single and dual operational
amplifiers that offer 400MHz gain
bandwidth product and 2500V/µs
slew rate. The parts operate with sup-
plies from ±2V to ±6V and draw a
typical supply current of only 9mA
per amplifier.

The amplifiers can drive 100Ω loads
with a low distortion of –85dBc rela-
tive to a 5MHz, 2VP–P signal. In single
5V supply applications, the output
swings to 0.8V from either supply rail
with a 500Ω load (to 2.5V), and to
1.0V with a 100Ω load. The output
current drive capability is typically
70mA. The low distortion and good
output drive capability, combined with
the 6nV/√Hz input voltage noise,
make the LT1818/LT1819 an ideal
choice for a wide variety of applica-
tions.

The LT1818 and LT1819 are avail-
able in space saving packages: the
LT1818 single op amp in an SOT23-5;
the LT1819 dual op amp in an 8-lead
MSOP. Both parts are also available
in an easy to use 8-lead SOIC. All
parts are fully specified at ±5V and
single 5V supplies, and are available
in commercial and industrial tem-
perature grades.

Table 1 summarizes the perfor-
mance specifications of the LT1818
and LT1819.

Fast Slew Rate Preserves
High Bandwidth for Large
Signals
The LT1818/LT1819 amplifiers ex-
hibit an ultrafast slew rate of 2500V/
µs in a gain of +1 and 1800V/µs in a
gain of –1. The importance of a high
slew rate is demonstrated by compar-
ing the large signal dynamic response
of amplifiers with similar bandwidths
but differing slew rates. We compared
the LT1818 to a competitor’s ampli-

fier, which has a wider, 625MHz band-
width, but only a 400V/µs slew rate.
Figure 1 shows a test circuit for a
device configured in an inverting gain
(AV = –1). Figures 2a and 2b show the
step response to a 20MHz, ±4V input
pulse. The 3.5ns rise/fall time of the
LT1818 (consistent with a 1800V/µs
slew rate) preserves the 20MHz step
very well. The lower slew rate ampli-
fier, in contrast, is only barely fast
enough to transmit the waveform,

2500V/µs Slew Rate Op Amps Process
Large Signals with Low Distortion at
High Frequencies by Kris Lokere and Glen Brisebois

2V/DIV

5ns/DIV

Figure 2b. Competitor’s 625MHz op
amp responds to the same input with
inadequate slew rate to maintain
pulse integrity

2V/DIV

5ns/DIV

Figure 2a. The LT1818 responds to a
20MHz, ±4V input pulse with a fast
enough slew rate to retain the shape
of the pulse

Parameter Value 

Gain Bandwidth Product 400MHz 
Slew Rate  2500V/µs 

Supply Current (per Amplifier) 9mA 

Harmonic Distortion (5MHz, 2VP–P, RL=100Ω) –85dBc 
Input Noise Voltage 

Input Noise Current

6nV/√Hz 

Input Offset Voltage (Max) 1.5mV 
Input Bias Current (Max) ±8µA 

Input Common Mode Range ±4.2V 

Output Voltage Swing (RL=500Ω) ±4.1V 
Settling Time (5V, ±0.1%) 9ns 

 1.2pA/√Hz 

Table 1: LT1818/LT1819 performance summary
(all specifications are typical with ±5V supplies and 25°C unless otherwise noted)

–

+

LT1818

VIN

VOUT

499Ω

499Ω

499Ω

Figure 1. Test circuit for LT1818 (or
competitor’s part) configured in gain of –1.



Linear Technology Magazine • December 200212

DESIGN FEATURES

turning it into a triangle wave. The
difference in slew rate also has im-
portant ramifications for distortion of
sine waves. Figures 3a and 3b show
the response of both amplifiers to a
50MHz, 4VP–P sine wave. The LT1818
transmits the waveform with minimal
distortion, but the competitor’s part
turns the sine wave into a triangle
wave, a result of the lower slew rate.
This demonstrates that, to accurately
process real world signals, slew rate
is often the limiting parameter rather
than bandwidth.

The application shown in Figure 4
demonstrates the excellent high-fre-
quency response of the LT1819 dual
amplifier, and how two op amps can
be combined to further increase band-
width. The circuit shows the dual
LT1819 op amp configured as two
cascaded gain stages that together
form a gain of 10 (= 20dB). The feed-
back capacitor on the second stage
serves to cancel a pole formed by the
feedback resistors and the input ca-
pacitance, to reduce peaking and
ringing. The frequency-domain re-
sponse (Figure 5) shows the –3dB
frequency at 80MHz, which repre-
sents a gain-bandwidth product of
800MHz, consistent with two 400MHz
amplifiers in series. Figure 6 shows
the transient response to a small step.
The 3.5ns rise/fall time is consistent
with an 80MHz –3dB bandwidth. Fig-
ure 7 shows that the step response is
only a little slower making a transi-
tion to a full 6VP–P, showing the merits
of a high slew rate.

Low Distortion ADC Driver
Figure 8 illustrates the use of the
LT1818 as a buffer for the LTC1744
14-Bit 50Msps ADC. The amplifier
must provide low noise, low distortion
as well as fast settling characteristics
in order to recover quickly from the
sampling loading effects of the ADC.
The LTC1744 signal-to-noise ratio
(SNR) of 73.5dB at 2VP–P implies an
input referred noise of 149µVRMS. The
6nV/√Hz input voltage noise of the
LT1818, integrated over a 94MHz
bandwidth (formed by the 51.1Ω, 18pF
and the CIN of the ADC) results in only
91µVRMS of input noise. The contri-
bution of the input referred current
noise of the LT1818 depends on the
source resistance of the circuit that
drives the LT1818. For a 1k source
resistance, the 1.2pA/√Hz input cur-
rent noise results in 18µVRMS over the
same bandwidth. Both noise sources
taken together still do not degrade the
noise performance of the 14-bit ADC.
Figure 9 shows the 4096 bin FFT of
the converter output. This implies a
full scale SNR of 76dB, just slightly
better than the ADC’s typical 73.5dB
specification. More readily seen in
the FFT is the SFDR of 78dB.

You can further improve the per-
formance of the circuit by using the
two amplifiers of the LT1819 to con-
vert the single-ended input signal to a
differential signal and drive both in-
puts of the LTC1744, as shown in
Figure 10. An advantage of driving
the ADC differentially is that the sig-
nal swing at each input can be
reduced, which reduces the distor-
tion of both the ADC and the amplifier.
Typical performance is shown in the

1V/DIV

5ns/DIV

Figure 3b. Competitor’s 625MHz
response to the same sine wave is
distorted.

1V/DIV

5ns/DIV

Figure 3a. LT1818 response to 50MHz,
4VP–P sine wave maintains good
fidelity.

–

+
1/2 LT1819

VIN

VOUT

3pF

432Ω

200Ω

–

+
1/2 LT1819

432Ω

200Ω

Figure 4. Dual op amp cascaded to form a
gain of 10 (20dB).

Figure 5. Frequency-domain
response of 20dB gain block
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Figure 6. Small-signal transient
response of 20dB gain block

1V/DIV

10ns/DIV

Figure 7. Large-signal transient
response of 20dB gain block
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FFT of Figure 11, again consisting of
4096 bins derived from 8192 samples.

Fast Edge Generation to
Measure Slew Rate
A 2500V/µs slew rate implies that the
transition between ±2V occurs in
1.6ns. In order to accurately measure
slew rates this fast, it is necessary to
generate an input step that is faster
than the device-under-test. Many off-
the-shelf function generators fail in
this regard, in which case custom-
made circuitry may be necessary. The
widely used HP8110A 100MHz Pulse
Generator, for example, has a mini-
mum rise/fall time of 1.8ns, which
fails to provide a fast enough stimu-

lus for this test. The older HP8082A
Pulse Generator provides 1ns transi-
tions, but its output amplitude is only
5V into 50Ω, which limits its flexibil-
ity to drive the amplifier on ±5V
supplies.

The simple circuit of Figure 12
uses a high-speed inverter such as
the NC7SZU04. Since the inverter
has high gain, it sharpens the input
edge of whatever pulse generator is
used to drive it. The output is AC
coupled to level shift the single sup-

ply inverter output to drive a split
supply biased op amp. This inverter
can provide rise and fall times as fast
as 0.8ns, but the maximum supply
voltage (and hence the maximum
swing) is 5.5V, which is just short of
the ±3V or ±4V desired for full range
slew rate testing of the LT1818/
LT1819. In addition, the 16mA out-
put current drive of the inverter
precludes a 50Ω termination, which
limits the universal applicability of
this circuit.
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Figure 9. FFT of single ended ADC driver
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Figure 11. FFT of single-to-
differential ADC driver

VIN VOUT

5.5V

Figure 12. A simple inverter used to
generate a sharp pulse—fast but too little
signal swing and output drive
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Figure 8. Single ended ADC driver
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Figure 13. Improved pulse-sharpener circuit
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Figure 10. Single-to-differential ADC driver
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Figure 13 shows a more involved,
but very flexible and fast solution.
The diode bridge D1-D4 switches the
LT1210 current-feedback amplifier,
which runs off ±15V supplies. This
way, the input edge does not need to
swing more than ±1V, and the cur-
rent into the inverting node of the
LT1210 switches very quickly. The
already fast waveform at the output
of the amplifier is then AC coupled
into the D5–D6 Step Recovery Diodes
(SRD).

An SRD is a two terminal p-i-n
junction whose DC characteristics are
similar to the usual p-n junction diode,
but whose switching characteristics
are quite different. The most distin-
guishing feature of the SRD is the
very abrupt dependence of its junc-
tion impedance upon its internal
charge storage. If a forward biased
SRD is suddenly reverse-current bi-
ased, it will first appear as a very low

Figure 14. Output of pulse-sharpener
circuit

1V/DIV

500ps/DIV

impedance until the stored charge is
depleted. Then the impedance will
suddenly increase to its normal high
reverse value, thereby stopping the
flow of reverse current. This imped-
ance transition generally takes only a
few hundred picoseconds. The circuit
in Figure 13 uses this SRD property
as a pulse sharpener, generating a
sub-one-nanosecond edge at the out-
put. You can set the voltage levels of
the output waveform by adjusting
±V2. Figure 14 shows a 5V, 0.8ns
output waveform generated by this
circuit.

Finally, an important consideration
in these measurements is the band-
width of the oscilloscope used. The
photograph in Figure 14 is taken with
a Tektronix TDS820 6GHz digitizing
oscilloscope. For a detailed descrip-
tion of the effect of slower oscilloscopes
on measuring fast edges, refer to Lin-
ear Technology Application Note 47.

LT1818 Circuit Design
A simplified schematic of the LT1818/
LT1819 is shown in Figure 15. Both
inputs are high impedance, classify-
ing the amplifier as a voltage feedback
topology. Complementary NPN and
PNP emitter followers Q1-Q8 buffer
each input and present the differen-
tial input signal across the internal
resistor R1. The input common mode
range extends to typically 0.8V from
either supply, and is limited by a VBE
of Q10/Q14 plus a VSAT of Q5/Q6.

NPN and PNP current mirrors Q10–
Q11 and Q14–Q15 mirror the current
generated through R1 into the high
impedance node. Cascode devices Q9
and Q13 raise the output impedance
of the mirror, improving the open loop
gain.

Resistor R1, the transconductances
of Q5–Q8, and the compensation ca-
pacitor C1 set the 400MHz gain
bandwidth product of the amplifier.
The RC, CC network between the high
impedance node and the output pro-
vides extra compensation when the
output drives a capacitive load. This
keeps the LT1818/LT1819 unity-gain
stable with a CLOAD up to 20pF. The
amplifier can drive larger capacitive
loads when configured in higher noise
gains, or with an isolation resistor of
10Ω to 50 Ω in series with the load.
The R2, C2 networks on the current
mirrors provide a pole and zero at a
frequency below the unity-gain fre-
quency. This lowers the frequency
where the open loop gain crosses
0dB, which improves the phase mar-
gin of the amplifier while maintaining
a high open loop gain at lower fre-
quencies.

The current generated across R1,
divided by the capacitor C1, deter-
mines the slew rate. Note that this
current, and hence the slew rate, are
proportional to the magnitude of the
input step. The input step equals the
output step divided by the closed loop
gain. The highest slew rates are there-

V+

V–

–IN
Q3

Q4

Q7

Q8

R1

Q5

Q6

Q2
Q1 +IN

Q14

Q13

Q15
Q28

Q10
Q27 Q11

Q9

Q12

Q17

C1

RC
CC

Q25

Q22Q16

Q18

Q21
Q20

Q23

Q24

Q26

Q19

OUT

C2

R2

C2

R2

Figure 15. Simplified schematic of LT1818/LT1819 amplifier
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fore obtained in the lowest gain con-
figurations. The 2500V/µs slew rate
specified on the data sheet is mea-
sured in a noninverting unity gain
configuration. The 1800V/µs produc-
tion tested slew rate is measured in
an (inverting) gain of –1, which is
equivalent to a noninverting gain of 2.

The internal current generated
across the input resistor can be much
higher than the quiescent supply cur-
rent (up to 80mA). In normal transient
closed loop operation this does not
present a problem, since after a few
nanoseconds the feedback brings the
differential input signal back to zero.
However, sustained (i.e. open loop)
differential input voltages may result

in excessive power dissipation and
therefore this amplifier should not be
used as a comparator.

The output stage buffers the high
impedance node from the load by
providing current gain. Emitter fol-
lowers Q17–Q20 provide a current
gain equal to BetaNPN × BetaPNP, but
the effective current gain is greatly
enhanced by the dynamic base cur-
rent compensation provided by
Q24–Q26 and Q21–Q23. Q24 mea-
sures a fraction of the output current
that flows through Q19, and mirror
Q25–Q26 injects the appropriate cur-
rent back into the base of Q19. This
signal-dependent boost improves the
linearity of the amplifier by reducing

the amount of differential input sig-
nal required for a given output current.
An additional advantage is that the
output devices can be smaller, which
requires less quiescent current for a
given amplifier speed.

Conclusion
The ultrafast slew rate and high band-
width allow the LT1818 and LT1819
op amps to process large signals at
high frequencies with low distortion.
Combined with the low noise and
moderate supply current, these am-
plifiers are a good choice for receivers,
filters, or drivers of cables and ADCs
in high-speed communication or data
acquisition systems. 

no load current is drawn from the
batteries. The STAT pins provide in-
formation as to which input is
supplying the load current. This con-
cept can be applied to as many power
inputs as are needed.

Multiple Battery Charging
Figure 6 shows an application circuit
for automatically charging two bat-
teries from a single charger. Whichever
battery has the lower voltage receives
the charging current until both bat-
tery voltages are equal then both will
be charged. When both are charged
simultaneously the higher capacity
battery receives proportionally higher
current from the charger. For Li-Ion
batteries both batteries achieve the
float voltage  of the battery charger
minus the forward regulation voltage
of 20mV. This concept can apply to
more than two batteries. The STAT
pins provide information as to which
batteries are being charged.

High Side Power Switch
Figure 7 illustrates an application
circuit for a logic controlled high side
power switch using the control input
pin. When the CTL pin is a logical low
the LTC4412 turns on the MOSFET.
Because the SENSE pin is grounded
the LTC4412’s internal controller
functions as an open-loop compara-
tor and applies maximum gate drive
voltage to the MOSFET. When the
CTL pin is a logical high the LTC4412
turns off the MOSFET by pulling its
gate voltage up to the supply input

voltage, therefore denying power to
the load. The MOSFET is connected
with its source connected to the power
source. This prevents the drain-source
diode from supplying voltage to the
load when the MOSFET is off.

Conclusion
The LTC4412 provides a simple and
efficient way to implement a low loss
ideal diode controller that extends
battery life and significantly reduces
self-heating. The low external parts
count translates directly to low over-
all system cost and its ThinSOT 6-pin
package makes for compact design
solutions. It’s versatile enough to be
used in a variety of diode OR-ing
applications covering a wide range of
supply voltages. VIN

GND

CTL

SENSE

GATE

STAT

1

2

3

6

5

4

LTC4412

Q1

Q1: FAIRCHILD SEMICONDUCTOR FDN306P   (408) 822-2126

SUPPLY
INPUT

LOGIC
INPUT

COUT

*

TO LOAD

4412 F074412 F07

*PARASITIC DRAIN-SOURCE DIODE OF MOSFET

Figure 7. Logic controlled
high side power switch

LTC4412, continued from page 4
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Introduction
LTC6910-1 is programmable for eight
gain magnitudes of 0, 1, 2, 5, 10, 20,
50, or 100 Volts/Volt—much like a
classic oscilloscope amplifier plug-in
or lab amplifier with a gain knob, but
much smaller. This tiny DC-coupled,
low-noise, self-contained amplifier,
useful to low Megahertz frequencies,
replaces expensive combinations of
op amps and resistor arrays. The 8-
lead TSOT-23 package needs no other
analog components. The LTC6910-1
operates from single or dual supplies,
2.7V to 10.5V total, and generates its
own ground reference for use with
single supplies. A simple 3-bit CMOS
digital input controls the gain.

The LTC6910-1 is an inverting volt-
age amplifier with a rail-to-rail output.
At gains of unity and zero (digital
inputs 001 and 000) it handles rail-
to-rail input signals. At gains above
unity (digital input 010 through 111),
the input-referred noise decreases
with increasing gain, as desired in a
variable-gain amplifier for a wide range
of input levels. When set for a gain of
zero (digital input 000), the output
remains active (tracking the analog-
ground or AGND pin), but feedthrough
from the signal input pin is low, typi-

cally –122dB at 20kHz and –100dB at
200kHz. Output noise in this zero-
gain setting is typically 5.8µVRMS in a
200kHz bandwidth, which is 116dB
(19 equivalent bits) below the maxi-
mum signal output at a 10V power
supply. The output will source or sink
10mA into a load, and is current-
limited at approximately 30mA.
Typical standing supply current is
2mA at 2.7V and 3mA at 10V total
VSUPPLY.

Easy to Use
The LTC6910-1 amplifier has only
three analog signal pins: input, out-
put, and an analog-ground reference
(AGND), which can provide a half-
supply reference for single-supply
applications (Figure 1). The other pins

are the power supply and the three
digital input pins. These high-imped-
ance CMOS digital inputs accept both
rail-to-rail logic levels at any supply
voltage, and 0V and 5V levels when
the supply voltage is ±5V. Table 1
relates the 3-bit input code to the
resulting voltage gain and other char-
acteristics. (Other versions of the
product are the LTC6910-2 with 0–64
binary gain code and the LTC6910-3
with 0–7 gain code.) Figure 2 shows
the typical frequency response.

Circuit Description
Internally the LTC6910-1 includes
an operational amplifier, switched

SOT-23 Digitally Controlled Amplifier
Puts Programmable Gain Anywhere

by Max W. Hauser

FREQUENCY (Hz)

10

GA
IN

 (d
B)

30

50

0

20

40

100 10k 100k 1M 10M
–10

1k

GAIN OF 100 (DIGITAL INPUT 111)

GAIN OF 1 (DIGITAL INPUT 001)

GAIN OF 2 (DIGITAL INPUT 010)

GAIN OF 5 (DIGITAL INPUT 011)

GAIN OF 10 (DIGITAL INPUT 100)

GAIN OF 20 (DIGITAL INPUT 101)

GAIN OF 50 (DIGITAL INPUT 110)

VS = ±5V, VIN = 5mVRMS

Figure 2. LTC6910-1 frequency response at
non-zero gain settings

Nominal Voltage Gain Maximum Input Signal (For Unclipped Output Signal) (VP-P) 
G2 G1 G0 Volts/Volt (dB) Dual 5V Supply Single 5V Supply Single 3V Supply 

Nominal Input 
Impedance (k ) 

0 0 0 0 –120 10 5 3 (Open) 

0 0 1 –1 0 10 5 3 10 
0 1 0 –2 6 5 2.5 1.5 5 

0 1 1 –5 14 2 1 0.6 2 

1 0 0 –10 20 1 0.5 0.3 1 
1 0 1 –20 26 0.5 0.25 0.15 1 

1 1 0 –50 34 0.2 0.1 0.06 1 

1 1 1 –100 40 0.1 0.05 0.03 1 

Table 1. LTC6910-1 gain settings and properties

2

13
VIN VOUT =  GAIN • VIN

AGND
1µF OR LARGER

5

4

LTC6910-1

6

8

V+

2.7V TO 10V
0.1µF

G2 G1 G0

7

Figure 1. Single-supply programmable
amplifier using LTC6910-1
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resistors, and CMOS decoding logic
to drive the switches (Figure 3). The
gain code is always monotonic: an
increase in the 3-bit binary number
(G2 G1 G0) increases the gain be-
tween the IN and OUT pins. For
single-supply applications, an inter-
nal matched pair of 10kΩ resistors at
the AGND pin generates a convenient
half-supply reference voltage for in-
put and output. The user can override
this built-in analog ground reference
by tying the AGND pin to a system
reference voltage (within the AGND
voltage range specified in the data
sheet). The AGND pin presents a nomi-
nal impedance of 5kΩ due to the
internal resistor pair. Digital inputs
(G2 G1 G0) control the input and

feedback resistances in the closed-
loop amplifier.

In the design of the LTC6910-1,
the lowest noise with gain variation
would be achieved by varying the
input R array in Figure 3. That,
however, would impose a 100:1 input-
resistance range for the closed-loop
amplifier with a 100:1 gain range. To
avoid such a wide variation of input
resistance, logic in the LTC6910-1
trades off changing the input resis-
tance and the feedback resistance
(Table 2). This gain-control approach
still produces near-minimal noise.
When the gain setting is zero (digital
input 000), switches disconnect the
IN pin internally and short the feed-
back path in Figure 3 to reduce signal
feedthrough and noise.

5

1 499Ω

270pF

LTC1864

3
VIN

AGND

GAIN
CONTROL

1µF

6

4

LTC6910-1

7

8

5V

0.1µF

2

1µF

ADC
CONTROL

VREF

IN+

IN–

GND

5V

VCC

SCK

SDO

CONV

Figure 5. Expanding an ADC’s dynamic range

–

+

INPUT R ARRAY FEEDBACK R ARRAY

V–

6910 F036910 F03

OUT

V+
10k

MOS-INPUT
OP AMP

IN

AGND

10k

2

V–
4

V+
8

G1G2 G0

1

3

CMOS LOGIC

67 5

Figure 3. Block diagram of LTC6910-1
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0.01
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L 
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–30

–20
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–70

–80

–100

–110
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fIN = 1kHz
VS = ±5V
NOISE BW = 22kHz

GAIN SETTING = 100

GAIN SETTING = 10

GAIN SETTING = 1

Figure 4. LTC6910-1 THD plus noise, referred
to the signal output

Bandwidth of the LTC6910-1 de-
pends on gain setting. The lower gain
settings of 1, 2, and 5V/V (digital
inputs 001–011) exhibit –3dB corner
frequencies respectively of 7, 5, and
2.5MHz at ±5V supply (Figure 2). The
gain-control strategy described above
causes the gain settings from 10 to
100 (digital inputs 100–111) to show
a different high-frequency response,
with a constant gain-bandwidth prod-
uct of approximately 11MHz.

Figure 4 is a SINAD curve showing
signal output more than 100dB above
combined noise and distortion, with
large-signal outputs and a ±5V supply.

Applications

Expanding an ADC’s Dynamic
Range
Figure 5 shows a compact data-ac-
quisition system for wide-ranging
input levels, which combines an
LTC6910-1 programmable amplifier
in an 8-lead TSOT-23 with an
LTC1864 analog-to-digital converter

Gain RIN RFB 

0 ∞ 0 
1 10k 10k 

2 5k 10k 

5 2k 10k 
10 1k 10k 

20 1k 20k 
50 1k 50k 

100 1k 100k 

Table 2. Resistor values in LTC6910-1
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FREQUENCY (Hz)
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Figure 8. Measured frequency responses for Figure 7
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Figure 7. Practical low-noise AC amplifier with gain and bandwidth control
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+
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6910 F05
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R

R

Figure 6. Low-noise AC amplifier with gain and bandwidth control

(ADC) in an 8-lead MSOP. The
LTC1864 ADC has 16-bit resolution
and a maximum sampling rate of
250ksps. The LTC6910-1 expands the
ADC’s input amplitude range by 40dB
while operating from the same single
5V supply. The 499Ω resistor and
270pF capacitor couple cleanly be-
tween the LTC6910-1’s output and

the switched-capacitor input of the
LTC1864.

The two ICs shown in Figure 5 have
similar distortion performance, with
total harmonic distortion (THD) lev-
els about –90dB at 10kHz and –77dB
at 100kHz. At a gain setting of 10 in
the LTC6910-1 (digital input 100) and
a 250ksps sampling rate in the
LTC1864, a 100kHz input signal at

60% of full scale shows a THD of
–75dB from the combination. 10kHz
input signals under the same condi-
tions produce measured THD values
around –87dB. Noise effects (both
random and quantization) in the ADC
are divided by the gain of the ampli-
fier and combined with the amplifier’s
noise when referred to VIN in Figure 5.
Because of this, the circuit can ac-
quire a signal that is 40dB down from
full scale of 5VP–P with an SNR of over
70dB. Such performance from an ADC
alone (110dB of useful dynamic range
at 250ksps) would be prohibitively
expensive today.

Low Noise AC Amplifier with
Programmable Gain and
Bandwidth
Analog data acquisition can exploit
band-limiting as well as gain, to sup-
press unwanted signals or noise.
Tailoring an analog front end to both
the level and bandwidth of each source
maximizes SNR.

Figure 6 shows a block diagram
and Figure 7 the practical circuit for
a low-noise amplifier with gain and
bandwidth independently program-
mable over 100:1 ranges. One
LTC6910-1 controls the gain and
another controls the bandwidth. An
LT1884 dual op amp forms an inte-
grating lowpass loop with capacitor
C2 to set the programmable upper
corner frequency. The LT1884 also
supports rail-to-rail output swings
over the total supply-voltage range of
2.7V to 10.5V. AC coupling through
capacitor C1 establishes a fixed low

continued on page 24
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Introduction
Three new power supply supervisors
improve system reliability by offering
more accurate reset thresholds than
other supervisors on the market. They
also save design time, production
costs and board space with easy-to-
use, flexible interfaces and a low
external parts count.

The LTC2900, LTC2901 and
LTC2902 quad supervisors can si-
multaneously monitor four supply
voltages with 1.5% threshold accu-
racy over temperature. Each part
offers 16 user-selectable four-voltage
combinations from the following: 5V,
3.3V, 3V, 2.5V, 1.8V, 1.5V, +ADJ and
–ADJ. A simple external resistor
divider performs single-pin program-
ming, eliminating the need to qualify,
source and stock different part num-

bers for different combinations of
supply voltages. All three parts are
configured for 5% power supply toler-
ance and the LTC2902 can also be

Programmable Quad Supervisors
Offer Unparalleled Flexibility for Multi-
Voltage Monitoring Applications

by Bob Jurgilewicz

programmed to work with power sup-
plies at 7.5%, 10% and 12.5%
tolerance. These new devices require
no software, no calibration and no
trimming. In some applications, they

can be used with no external compo-
nents, saving additional board space
and cost. Available features include
manual reset, watchdog functions,
selectable supply tolerance and sup-
ply margining functions. The reset
and watchdog times are also user
adjustable via external capacitors.

The LTC2900, LTC2901 and
LTC2902  supervisors offer micro-
power operation, small size, high
accuracy and multiple reset output
options.  The extensive integrated
functionality makes these devices easy
to design into multi-voltage supervi-
sory applications. Table 1 shows a
feature summary for these devices.
Figure 1 shows a fixed quad applica-
tion with push-button reset using the
LTC2900-2.

V1

V2

VREF

VPG

GND

6

7R1
59k
1%

R2
40.2k

1%

8

5

4

1

10

2

1.8V

3
CRT
47nF

PUSH-BUTTON
RESET

C2
0.1µF

C1
0.1µF

V3

9

V4

LTC2900-2

CRT

PBR

RST

tRST = 216ms
2900 TA01

SYSTEM
LOGIC

DC/DC
CONVERTER 2.5V

3.3V

5V

Figure 1. Typical application using the LTC2900-2 for 4-line voltage monitoring

Feature LTC2900 LTC2901 LTC2902 
Programmable Input 

Threshold Combinations 16 16 16 

Threshold Accuracy 1.5% 1.5% 1.5% 
“Open-drain” Reset 

LTC290x-1 ●  ●  ●  

Push-Pull Reset 
LTC290x-2 ●  ●  ●  

Adjustable Reset Time ●  ●  ●  

Buffered Reference ●  ●  ●  

Individual Comparator 
Outputs  ●  ●  

Manual Reset ●    

Independent Adjustable 
Watchdog Circuitry  ●   

Reset Disable   ●  

Monitored Supply 
Tolerance 

Fixed 
5% 

Fixed 
5% 

User Selectable 
5%, 7.5%, 10%, 

12.5% 

Package 10-lead MSOP 16-lead SSOP 16-lead SSOP 

Table 1. LTC2900, LTC2901 and LTC2902 Feature Summary These new devices require
no software, no calibration

and no trimming
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Safe Beginnings: Generating
the Power-On Reset (POR)
Reliable operation in many systems
requires knowledge of when certain
power supplies have exceeded mini-

mum thresholds and have remained
stable for a specified period of time.
One way to provide that knowledge is
with a reliable Power-On Reset (POR)
signal generated from a highly accu-
rate voltage monitor.

A typical device that requires a
reliable POR signal is a microproces-
sor. The LTC2900, LTC2901 and
LTC2902 can prevent a processor from
executing instructions until all sup-
ply voltages have reached safe
thresholds, regardless of the power
supply turn-on characteristics. Fur-
thermore, if any supply voltage falls
back below a threshold with suffi-
cient duration and magnitude, the
reset command is reissued. Once the
voltage has returned above the thresh-
old and has remained there for a
specified amount of time, the reset
line is released.

In order to firmly establish the
correct reset logic state, power must
get to the reset drive circuitry early in
the power-up phase. The LTC2900,
LTC2901 and LTC2902 supervisors
are powered automatically from the
greater of the voltages on the V1 and
V2 inputs. With V1 or V2 at 1V or
greater, the reset output is specified
to be a logic low of 0.3V (max) while
sinking 100µA.

One Chip Covers All Supply
Voltages: Single Pin
Programming
The LTC2900, LTC2901 and LTC2902
ICs give designers the freedom to
specify one chip for all supervisory
applications, even though the nomi-
nal supply voltages may not be
finalized. The desired input voltage
combination is selected by placing a
simple resistive divider between the
reference pin (VREF) and ground (GND)
and connecting the tap point to the
programming pin (VPG), as shown in
Figure 2. The programming process
occurs during power-up and is trans-
parent to the user. Table 2 specifies
the recommended 1% resistor values
for programming the available input
combinations. The last column in

Why is Threshold Accuracy Important?
A system voltage margin specification must take three factors into
account: power-supply tolerance, IC supply voltage tolerance and
supervisor reset threshold accuracy. If a system is to work reliably, none
of these can be left out of the design equation. The roles of the power-
supply voltage tolerance and the IC supply voltage tolerance are fairly
straightforward, but the role of supervisor accuracy in reliable system
design is not as obvious. In the simplest terms, diminished accuracy
corresponds to a system that must operate reliably over a wider voltage
range, complicating the system design; whereas improved accuracy
decreases the voltage margin required for reliable system operation,
simplifying the system design.

Consider a 5V system with a ±5% power supply tolerance band (see
the figure in this sidebar). System ICs powered by this supply must
operate reliably within this band (and a little more, as explained below).
The bottom of the supply tolerance band, at 4.75V (5V–5%), is the exact
voltage at which a perfectly accurate supervisor would generate a reset.
Such a perfectly accurate supervisor does not exist—the actual reset
threshold may vary over a specified band (±1.5% for the LTC2900,
LTC2901 and LTC2902 supervisors).

With this variation of reset threshold in mind, the nominal reset
threshold of the supervisor is set below the minimum supply voltage;
just enough so that the reset threshold band and the power supply
tolerance bands do not overlap. If the two bands do overlap, the
supervisor could generate a false or nuisance reset when the power
supply is actually within its specified tolerance band (say, at 4.8V).

The LTC2900, LTC2901 and LTC2902 have ±1.5% reset threshold
accuracy, so 5% thresholds are typically set to 6.5% below the nominal
input voltage. For the 5V input, the typical threshold is 4.675V, or 75mV
below the ideal threshold of 4.750V. The actual threshold is guaranteed
to lie in the band between 4.750V and 4.600V over temperature. The
powered system must work reliably down to the low end of the threshold
band, or risk malfunction before a reset signal is properly issued. In our
5V example, using
the 1.5% accurate
supervisor, the sys-
tem ICs must work
down to 4.6V. The
same system using
a ±2.5% accurate
supervisor must
operate down to
4.5V, increasing the
required system volt-
age margin, and the
probability of system
malfunction.

8
7
6

R1
1%

R2
1%

VREF
VPG

GND

LTC2900

Figure 2. Programming the voltage
monitoring modes (see table 2 for R1
and R2 values)
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RELIABLE
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Improved undervoltage monitor threshold accuracy
translates to improved system reliability
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Table 2 specifies optimum VPG/VREF
ratios (±0.01) to be used when pro-
gramming with a ratiometric DAC.

Monitor Any Positive or
Negative Voltage: Configuring
the Adjustable Inputs
Voltages not explicitly listed in Table␣ 2
can be monitored using the positive
adjustable (ADJ) and negative ad-
justable (–ADJ) inputs. The positive
adjustable threshold available on the
V3 or V4 input is set to 0.5V. For the
majority of positive adjustable appli-
cations, the tap point on an external
resistive divider (R3, R4) placed be-
tween the positive voltage being
sensed and ground is connected to

the high impedance input on V3 or
V4. Figure 3 demonstrates a generic
setup for the positive adjustable ap-
plication.

The negative adjustable threshold
available on the V4 input is tied to
ground. In negative adjustable appli-
cations, the tap point on an external
resistive divider (R3, R4) placed be-
tween the negative voltage being
sensed and VREF, is connected to the
high impedance input on V4. The
voltage on the VREF pin (1.210V nomi-
nal) provides the necessary and
accurate level shift required to oper-
ate near ground. The VREF pin can
source and sink up to 1mA of current
over the full temperature range –40°C

to 85°C. Figure 4 shows a generic
setup for the negative adjustable ap-
plication.

It is also possible to monitor volt-
ages between ground and +0.5V using
the positive adjustable inputs. Simi-
lar to the offset technique in the
negative adjustable application, tie a
resistor from VREF to the V3 or V4
input, and an appropriate resistor to
the monitored voltage.

Quality System Design:
Consider Threshold Accuracy
and Noise Sensitivity
System reliability depends on power
supply reset thresholds that remain
accurate over temperature and power
supply variations (see sidebar). All
LTC2900, LTC2901 and LTC2902
supervisor inputs have the same rela-
tive threshold accuracy: ±1.5% of the
nominal input voltage over tempera-
ture (see Figure 5).

In any supervisory application,
supply noise riding on the monitored
DC voltage can cause spurious re-
sets, particularly when the monitored
voltage is already near the reset
threshold.

One commonly used, but problem-
atic, solution to this problem is the
addition of hysteresis to the input
comparator. The amount of hyster-
esis is usually specified as a
percentage of the trip threshold, and
typically needs to be added to the
advertised accuracy of the part in
order to determine the true accuracy
on the trip threshold. This technique
degrades accuracy, and therefore is

Mode V1 (V) V2 (V) V3 (V) V4 (V) R1 (kΩΩΩΩ)))) R2 (kΩΩΩΩ)))) VPG/VREF 

0 5.0 3.3 ADJ ADJ Open Short 0.000 
1 5.0 3.3 ADJ –ADJ 93.1 9.53 0.094 

2 3.3 2.5 ADJ ADJ 86.6 16.2 0.156 

3 3.3 2.5 ADJ –ADJ 78.7 22.1 0.219 
4 3.3 2.5 1.5 ADJ 71.5 28.0 0.281 

5 5.0 3.3 2.5 ADJ 66.5 34.8 0.344 

6 5.0 3.3 2.5 1.8 59.0 40.2 0.406 
7 5.0 3.3 2.5 1.5 53.6 47.5 0.469 

8 5.0 3.0 2.5 ADJ 47.5 53.6 0.531 
9 5.0 3.0 ADJ ADJ 40.2 59.0 0.594 

10 3.3 2.5 1.8 1.5 34.8 66.5 0.656 

11 3.3 2.5 1.8 ADJ 28.0 71.5 0.719 
12 3.3 2.5 1.8 –ADJ 22.1 78.7 0.781 

13 5.0 3.3 1.8 –ADJ 16.2 86.6 0.844 

14 5.0 3.3 1.8 ADJ 9.53 93.1 0.906 
15 5.0 3.0 1.8 ADJ Short Open 1.000 

Table 2. Voltage Threshold Programming
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not used on the LTC2900, LTC2901
and LTC2902 supervisors.

Instead, two forms of noise filter-
ing are employed to minimize spurious
resets while maintaining system ac-
curacy.

The first line of defense used to
minimize the effect of noise is a pro-
prietary tailoring of the comparator
transient response. Transient events
receive a form of electronic integra-
tion in the comparator and must be of
sufficient magnitude and duration to
cause the comparator to switch. Fig-
ure 6 illustrates the typical transient
duration versus comparator overdrive
(as a percentage of the trip threshold
VRTx) required to trip the compara-
tors.

The second filtering method, which
is under user control (see next sec-
tion), is the adjustment of the reset
time-out period (tRST) or reset “delay
time”. A capacitor (CRT) attached be-
tween the CRT pin and ground sets
the reset time-out period. When any
supply drops below its threshold, the

reset line is brought low. The reset
time-out counter starts once all in-
puts are back above threshold. The
counter is cleared whenever any in-
put drops back below threshold. A
noisy input with frequency compo-
nents of sufficient magnitude above
f␣ =␣ 1/tRST effectively holds the reset
line low, preventing oscillatory be-
havior on the reset line.

Although all four supply monitor
comparators have built-in glitch fil-
tering, bypass capacitors on V1 and
V2 are recommended because the
greater of V1 or V2 is also the VCC for
the chip (a 0.1µF ceramic capacitor is
satisfactory in most applications).
Filter capacitors on the V3 and V4
inputs are allowed and recommended
in extremely noisy situations.

User Adjustable Reset Time-
Out Period
The reset time-out period (tRST) is
adjustable in order to accommodate a
variety of applications. The period is
adjusted by connecting a capacitor,

CRT, between the CRT pin and ground.
The value of this capacitor is deter-
mined from:

CRT = tRST • 217 • 10–9

with CRT in Farads and tRST in sec-
onds. Maximum reset timeout is
limited by the largest available low-
leakage capacitor. The accuracy of
the time-out period is affected by
capacitor leakage and capacitor tol-
erance. To maintain timing accuracy,
capacitor leakage must be well below
the 2µA nominal charging current.

Reset Output Options and
Individual Comparator
Outputs
The reset output line is available in
two styles, open-drain (LTC2900-1,
LTC2901-1 and LTC2902-1) and push
pull (LTC2900-2, LTC2901-2 and
LTC2902-2). The open-drain output
actually contains a weak pull-up cur-
rent source to the V2 input, so an
external pull-up resistor is only re-
quired when the output needs to pull
to a higher voltage and/or when the
reset output needs a fast rise time.
The open-drain output allows for
wired-OR connections and can be
useful when more than one signal
needs to pull down on the reset line.
The non-delayed individual compara-
tor outputs available on the LTC2901
and LTC2902 also have open-drain
outputs with identical pull-up char-
acteristics. When externally pulling
up to voltages higher than V2, an
internal network is automatically
enabled to protect the weak pull-up
circuitry from reverse currents.
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Figure 8. Use the LTC2901-2 to monitor the input, output, feedback voltage and low load conditions on a DC/DC
controller. In this case, the controller is an LT1772 used in a 3.3V input to 1.8V output application.

The push-pull reset output has a
much stronger active pull-up capa-
bility, also to the V2 input, resulting
in a faster, low voltage drop pull-up
characteristic. Wired-OR connections
and/or external pull-ups are not rec-
ommended with the push-pull reset
output option.

Ensuring Reset Valid for VCC
down to 0V (LTC2900-2,
LTC2901-2 and LTC2902-2)
Some applications require the reset
output (RST) to be valid with VCC
down to 0V. The LTC2900-2,
LTC2901-2 and LTC2902-2 are de-
signed to handle this requirement
with the addition of an external resis-
tor from RST to ground. The resistor
will provide a path for stray charge
and/or leakage currents, preventing
the RST output from floating to unde-
termined voltages when connected to
high impedance (such as CMOS logic
inputs). The resistor value should be
small enough to provide effective pull-
down without excessively loading the
active pull-up circuitry. Too large a
value may not pull-down well enough.
A 100k resistor from RST to ground is
satisfactory for most applications.

Manual Reset Feature on the
LTC2900
The manual reset or push-button re-
set pin (PBR) on the LTC2900 is used
to issue a forced reset, typically with
a normally-open pushbutton switch
attached between PBR and ground.
The PBR pin is pulled to VCC with an
internal current source of 10µA (typi-

cal). The switch is debounced through
the reset circuitry using the delay
provided by the CRT timing capacitor.
A logic low on this pin will pull RST
low. When the PBR pin returns high,
RST will return high after the reset
time-out period has elapsed, assum-
ing all four voltage inputs are above
their thresholds. The PBR pin may
also be driven by a logic signal. The
input-high threshold on the PBR pin
is 1.6V (max), allowing the pin to be
driven by low-voltage logic. Figure 7
demonstrates a supervisory cascade
using two LTC2900-2 ICs to monitor
8 voltages. The reset output of the
first supervisor is tied to the PBR
input of the second which holds the
master reset low while the voltages on
the first supervisor are below thresh-
old. When all eight voltages are above
threshold, the master reset is released
after the delay provided by the second
reset timing capacitor (CRTB).

Independent Watchdog
Features on the LTC2901
The LTC2901 contains independent
watchdog circuitry consisting of a
watchdog input (WDI), a watchdog
output (WDO) and a timing pin (CWT)
that allows for a user adjustable
watchdog time-out period. An under-
voltage condition on any supervisor
input causes RST to go low which
clears the watchdog timer and brings
WDO high. The watchdog timer is
started when RST pulls high. Subse-
quent rising or falling edges received
on the WDI pin will clear the watch-
dog timer. If an edge is not received

within the watchdog time-out period,
WDO will go low. WDO will remain
low and the watchdog timer will re-
main cleared until another edge is
received on the WDI pin or another
undervoltage condition occurs.

The watchdog function is typically
used to monitor a processor’s activ-
ity. Consider a system that is no
longer executing the correct code,
thereby failing to issue an edge to the
WDI pin. If the watchdog output is
tied to a non-maskable interrupt
(NMI), a watchdog timeout will cause
the processor to vector to a new pro-
gram location, which may enable a
variety of recovery actions. For ex-
ample, a motor could be disabled, an
interlock could be engaged, critical
data could be written to NVRAM, etc.

The watchdog time-out period (tWD)
can be optimized for software execu-
tion. A capacitor (CWT) connected
between the CWT pin and ground sets
the watchdog time-out period. The
capacitor value is determined from:

CWT = tWD • 50 • 10–9

with CWT in Farads and tWD in sec-
onds. Maximum timeout is limited by
the largest available low-leakage ca-
pacitor. The accuracy of the time-out
period is affected by capacitor leak-
age and capacitor tolerance. To
maintain timing accuracy, capacitor
leakage must be well below the 2µA
nominal charging current.

The watchdog circuit can also be
used as a clock or frequency monitor
by applying a periodic logic signal to
the WDI input. If the input signal is
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Figure 9. Quad supply monitor
with asymmetric hysteresis

T0 T1 Tolerance VREF 

Low Low 5% 1.210V 
Low High 7.5% 1.178V 

High Low 10% 1.146V 

High High 12.5% 1.113V 

Table 3. LTC2902 Tolerance Programminginactive for an amount of time longer
than the watchdog time-out period,
the WDO line falls, indicating a loss of
the periodic input. Figure 8 demon-
strates how the LTC2901 can be used
to monitor a switching regulator’s
activity. In this application, the 3.3V
input, 1.8V output and feedback volt-
age to the LTC1772 regulator are
supervised. Furthermore, if the load
goes open circuit, the LTC1772
switches into Burst Mode® operation,
reducing the duty cycle at the gate of
M1. The pulse spacing exceeds the
watchdog time-out period, and the
watchdog output falls indicating the
low-load condition.

Power Supply Margin Testing
with the LTC2902
In high reliability system manufac-
turing and test, it is desirable to verify
the correct operation of electrical com-
ponents at or below the rated power
supply tolerance. The LTC2902 is
designed to complement such testing
in two ways. First, the reset disable
pin (RDIS) can be pulled low which
forces the RST output high. With RDIS
low, moving supply voltages below
threshold does not invoke the reset
command during margining tests. The
individual comparator outputs oper-
ate normally with RDIS high or low,
allowing for individual supply moni-
toring.

The second way allows the user to
provide more supply headroom by
lowering the trip thresholds. Using
the digital tolerance programming
inputs (T0, T1), the global supply
tolerance can be set to 5%, 7.5%,
10%, or 12.5% (Table 3).

When using the positive or nega-
tive adjustable inputs in conjunction
with tolerance programming, exter-
nal resistors need only to be sized
once, based on a 5% tolerance thresh-
old. Once the external resistor dividers
are set using the 5% tolerance thresh-
olds, the thresholds for the other
tolerance modes (7.5%, 10%, 12.5%)
are automatically correct because the
reference voltage (VREF) is scaled ac-
cordingly. Figure 9 shows how the
LTC2902 can be configured for asym-

metric hysteresis, having 5% toler-
ance when supplies are rising and
12.5% tolerance after all supplies have
safely crossed their 5% thresholds.

Conclusion
One part can now satisfy most present
and future supervisory needs. The
LTC2900, LTC2901 and LTC2902
micropower quad supervisors provide
the versatility, accuracy and reliability
required in multi-voltage monitoring
applications. Input supply combina-
tions are programmable including
positive and/or negative adjustable
thresholds. The comparators are 1.5%
accurate over temperature and fea-
ture built-in noise rejection. Reset
logic is correct for VCC down to 1V,
and is available with open-drain or
push-pull outputs. Reset and watch-
dog times are user adjustable with
external capacitors. Power supply
margining features include real-time
supply tolerance selection and an on-
demand reset disable pin. 

frequency corner of 1Hz, which can
be adjusted by changing C1. Alterna-
tively, shorting C1 makes the amplifier
DC-coupled. (When DC is not needed,
however, the AC coupling suppresses
low frequency noise and all amplifier
offset voltages other than the low
internally-trimmed LT1884 offset in
the integrating amplifier, which is the
second amplifier in Figure 6. If de-
sired, another coupling capacitor in
series with the input can relax the
requirements on input DC level as
well.)

Measured frequency responses
(Figure 8) demonstrate bandwidth
settings of 10Hz, 100Hz, and 1kHz
(digital BW inputs of 001, 100, and
111, respectively) and unity gain in
each case. By scaling C2, this circuit
can serve other frequency ranges,
such as a maximum of 10kHz with
0.1µF using LT1884 (gain-bandwidth
product around 1MHz). Output sig-
nal-to-noise ratio measured with
10mVP–P input, gain of 100, and 100Hz
bandwidth is 76dB; for 100mVP–P
input, gain of 10, and 1000Hz band-
width it is 64dB.

Conclusion
With a printed circuit footprint of only
about 11mm2, the easy-to-use
LTC6910-1 provides two decades of
programmable DC or AC voltage gain.
It can preamplify, drive loads, and
introduce gain flexibility into spaces
so small that, as one engineer put it,
“your boss doesn’t even need to know
it’s there.” 
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Introduction
The LT1961 is a monolithic, current-
mode, boost converter with a very
high switching frequency and an on-
board monolithic, high-current  power
switch. Because the power switch is
included in the tiny MSOP 8-pin ex-
posed leadframe package, layout and
board space shrink dramatically for
most designs. The high 1.25MHz
switching frequency further reduces
the size requirement for the surround-
ing inductors and capacitors, by
allowing the use of chip inductors
and low profile capacitors and induc-
tors. It operates within a 3V to 25V
input voltage range and can be syn-
chronized up to 2MHz. The built in
0.2Ω, 35V switch allows up to 1.5A
switch current at high efficiency. In
battery-powered applications the ex-
tremely low 6µA shutdown current
maintains high efficiency and long
battery life. The shutdown pin also
provides an undervoltage lockout
option to limit battery source current
when low on charge.

The current-mode topology of the
IC allows for fast transient response
and simple loop compensation tech-
niques that can take advantage of a
variety of ceramic output capacitors
to cover a wide range of output volt-
ages. Ceramic capacitors have the

advantage of smaller size and they
can handle high RMS ripple current,
the overriding requirement in sizing
the output capacitor for boost and
flyback topologies.

A High Efficiency 12V Boost
Converter with all Ceramic
Capacitors
Figure 1 shows a typical application
for the LT1961; a 12V boost converter
using only ceramic capacitors. This
circuit provides a regulated 12V out-
put from a typical input voltage of 5V,
but can also be powered from any
input voltage between 3V and 12V.

The maximum load current changes
as a function of input voltage. Effi-
ciency for the circuit is as high as 87%
for a 5V input, as shown in Figure 2.
Figure 3 shows the extremely low
60mVP–P output voltage ripple at
500mA load. Low-ESR ceramic ca-
pacitors and high switching frequency
help reduce the peak-to-peak output
voltage ripple, even in the normally
noisy boost configuration.

Low Profile 3.0mm SEPIC
Has Wide Input Voltage
Range
Although the LT1961 is configured as
a boost, or step-up, converter, its
internal low-side, asynchronous,
1.5A, 35V switch is versatile enough
to be used in other applications such
as a SEPIC or flyback. SEPIC solutions
typically use the basic single-output
flyback topology and a transformer
with its two windings capacitively
coupled together to generate a fixed
output voltage from an input voltage
that can be either above, equal to, or
below the output voltage. However,
much of the advantage of the LT1961’s
high frequency and correspondingly
small external components is lost by

Tiny 1.25MHz Monolithic Boost
Regulator Has 1.5A Switch and
Wide Input Voltage Range by Keith Szolusha
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Figure 1. 5V input, 12V output boost converter with ceramic input and output capacitors
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using a transformer, which is typi-
cally tall and occupies a large amount
of board space. Instead, Figure 4
shows a way to use two separate
inductors to create a low profile SEPIC
solution with less than 3.0mm
height—desirable for many of today’s
handheld and portable computer ap-
plications. The coupling capacitor
replaces the transformer core as the
low-impedance path for energy to
move from the primary to the second-
ary side. The coupling capacitor
charges up to a steady state voltage—
equal to the input voltage—and has
enough capacitance to maintain its
charge within 5% during switch on
and off-times while high ripple cur-
rent passes back and forth between
the primary and secondary sides.

The circuit shown in Figure 4 is a
3V–20V input to 5V output low profile
SEPIC featuring the LT1961 with less
than 3.0mm height and all ceramic
capacitors. This is a tiny, low cost and

low profile solution with a wide input
voltage range. The maximum load
current depends on the input voltage
(see Figure 5). The two 10µH induc-
tors limit the ripple. However, each
inductor can be sized independently
to increase the output current capa-
bility. Figure 6 shows that typical
efficiency is over 70% and improves
as the input voltage approaches the
output voltage (5V). In this configura-
tion, the two inductor currents are
summed in the switch during the
switch on-time and then through the
catch diode and the output during
the switch off-time. This effectively
doubles the switch and catch diode
losses compared to the typical boost
application. At high input voltages,
the duty cycle is low and the catch
diode conducts current for a greater
proportion of the overall time. At low
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Figure 4. 3V–20V input, 5V output SEPIC saves space by using
two low profile inductors and all ceramic capacitors.

input voltages, the duty cycle is high
and the switch conducts current for a
greater proportion of the overall time.
The low switch VceSAT relative to the
forward voltage of the catch diode is
the reason for the increase in con-
verter efficiency at lower input
voltages.

Dual Polarity Output SEPIC
Figure 7 is a 5V to 9V input to ±12V
dual polarity output converter. As
discussed above, the low-side boost
converter switch is ideal for flyback
converters that usually use a trans-
former to couple energy from the
primary (input) side to the secondary
(output) side. For dual polarity output
flyback converters, this transformer
has at least three windings coupled
together on the same core, one for the
primary side, and one for each out-
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put. Such a transformer, at the power
level required (1.5A total parallel cur-
rent and 3.3µH to 22µH per winding),
negates most of the space savings
provided by the high frequency
LT1961. The solution is to capaci-
tively couple energy from the input to
the output transformer like the single
output of the low-profile SEPIC using
two separate inductors. This not only
gets the job done, but reduces the
height of the inductive components
and provides layout flexibility. 1:1
transformers with only two windings
are more readily available and much
smaller than transformers with at
least three windings.

Cross-regulation is excellent in this
converter as shown in Figures 8 and
9. With only a single feedback pin, the
positive output voltage always main-
tains regulation, but the negative
output voltage (VOUT2) regulation
changes as a function of the differ-

ence in the load currents of the two
outputs. As one output becomes
heavily loaded and other lightly
loaded, cross-regulation can become
slightly compromised due to differ-
ences in losses in the catch diodes
and inductors. Figure 8 shows that
extremely light loads on VOUT2 can

result in a loss of regulation, so a
preload may be required. However,
Figure 9 shows that VOUT1 can go to
zero load current without a loss in
regulation on VOUT2. The overall con-
verter efficiency remains high for a
flyback or SEPIC-type design as shown
in Figure 10. The maximum load cur-
rent on each output varies as a
function of the load on the other
output. Figure 11 shows the maxi-
mum matched load current (the same
load current on both outputs). If one
load current is decreased, the other
can be increased without exceeding
current limit.

Conclusion
The LT1961 is a tiny, monolithic,
1.5A boost converter with a wide in-
put voltage range that can be used in
many applications. Its high switch
frequency and onboard switch help
minimize circuit size and cost. 

Two additional features add flex-
ibility to LTC4257 designs. An
open-drain PWRGD output indicates
that the voltage drop across the inter-
nal power MOSFET has dropped below
1.5V, indicating that any input ca-
pacitance has charged, the output
has reached its final value, and it is
safe to turn on the system. This helps
systems that draw the maximum in-
put power stay below the inrush limits
at turn on. A SIG_DISA input allows

the PD to disable the 25k signature
resistance if desired, allowing it to opt
not to receive power from the PSE if it
is getting it from another source, such
as a wall transformer.

Conclusion
The LTC4257 contains virtually all of
the circuitry needed to connect a pow-
ered device to an IEEE 802.3af Power
Over Ethernet network. Signature,
classification, power switching, in-
rush, and fault protection are all

included, thus simplifying the re-
quired circuitry between the input
transformers and the PD voltage regu-
lator. The LTC4257 accomplishes all
of this in a space-saving 8-pin SO or
DFN package with only one external
component, a resistor to program the
class current (not needed for class 0).

Part 3 of this series will cover the
details of detection and classification
from the PSE end of the power net-
work. 

LTC4257, continued from page 10
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Introduction
Many telecom, server and other ap-
plications require an isolated power
supply with multiple output voltages,
but maintaining tight regulation for
all of the output voltages can be a
power supply designer’s headache.
Traditionally, a linear regulator is
used for each auxiliary output, but
efficiency of a linear regulator can be
very low, limiting its usage to low
output current applications. One al-
ternative to the linear regulator is to
use a buck converter as a post regu-
lator. This method can yield better
efficiency, but the power supply needs
a larger output inductor and capaci-
tor if the post regulator cascades the
main output; or it needs an addi-
tional rectifier, inductor and capacitor
before the post regulator if multiple

secondary windings are used. The
additional power conversion stage and
components increase conduction
losses. Another option is to use a
magnetic amplifier post regulator. The
efficiency of a magnetic amplifier post
regulator can be high, especially for
low or medium current applications,
but is usually low in high current
applications. Furthermore, its com-
plex assembly and poor regulation at
light load make it less than a perfect
solution. A better alternative is a post
regulator design that uses the new
LT3710.

The LT3710 controller brings sim-
plicity, high efficiency and precision
regulation to multiple output isolated
power supply applications. The
LT3710 is a special synchronous step-

down switching regulator controller
with dual N-Channel MOSFET driv-
ers. It is used as a high efficiency
secondary side synchronous post
regulator controller to generate a
tightly regulated auxiliary output di-
rectly from the rectified transformer
secondary winding voltage. This
scheme minimizes the size of induc-
tor and output capacitors at the main
output stage. The LT3710 is a constant
frequency voltage mode controller with
programmable current limit protec-
tion and up to 500KHz switching
frequency. With leading edge modu-
lation, it operates well with a main
output control loop that uses either
current mode control or voltage mode
control.

Secondary Side Synchronous Post
Regulator Provides Precision
Regulation and High Efficiency for
Multiple Output Isolated Power
Supplies by Charlie Y. Zhao, Wei Chen and Chiawei Liao
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V2

VAOUT

TGATE

BGATE

IL

IP

D1T

VSP

T

D2T VSP

T

t0 t1 t2 t3VIN

Q1 V2

Q2

C2

BGATE

L2 IL

L1

C1

RTN

RTN

TGATE

SYNC

VOUT1

VOUT2PWM

VFB

LT3710

T1

QP

D1

D2

V1

IP

••

Figure 1. Simplified application schematic and key waveforms
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Figure 2a. 36V–72V DC to 3.3V/10A and 1.8V/10A dual output isolated power supply
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Figure 4. Post regulator input voltage, switch node and inductor current
waveforms for 48V input to 3.3V/10A and 1.8V/10A outputs

2µs/DIV

SEC
SECONDARY VOLTAGE

10V/DIV

LT3710 SWITCH NODE
10V/DIV

IL
INDUCTOR CURRENT

5A/DIV

LT3710 Post Regulator
Operation
The LT3710’s basic functional blocks
include a voltage amplifier for feed-
back regulation, a ramp generator
synchronized to the secondary side
switching pulse, a PWM comparator
with leading edge modulation, a cur-
rent limit amplifier and high speed
MOSFET drivers.

Figure 1 shows a simplified LT3710
application circuit and key waveforms.
The main output power stage is a
forward converter. The LT3710 regu-
lates the auxiliary output VOUT2. The
LT3710 circuit looks like a synchro-
nous buck converter except that the

input is a pulsed voltage rectified
from the power transformer second-
ary winding.

In normal operation, a switching
cycle begins at t0, the falling edge of
the rectified transformer secondary
voltage V1. An internal ramp is trig-
gered to start a new PWM switching
cycle, turning off the top MOSFET Q1
(control switch) and turning on the
bottom MOSFET Q2 (synchronous
switch). From t0 to t1, the control
switches of both the main converter
(QP) and the LT3710 circuit (Q1) are
“off.” At t1, the rectified transformer
secondary voltage V1 goes high. Dur-
ing the period (t1 to t2), the control
switch of the main converter is “on”
but the control switch of the LT3710
circuit remains “off.” The primary

switch current IP equals the reflected
main output inductor current, IL1/N,
where N is the transformer primary to
secondary turns ratio. From t0 to t2,
the switch node voltage V2 remains
near zero and the auxiliary inductor
current IL is flows into COUT2 and the
load across VOUT2. This state lasts
until the PWM ramp signal intersects
the voltage error amplifier output,
VAOUT, at t2. The top MOSFET Q1
turns on and the bottom MOSFET Q2
turns off. The switch node voltage V2
is pulled up to the same voltage as V1
and charges the auxiliary inductor.
During the period t2 to t3, the control
switches of both the main converter
and the LT3710 circuit are “on.” The
primary switch current IP is the sum
of the reflected main output inductor
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Figure 2b. (continued) 36V–72V DC to 3.3V/10A and 1.8V/10A dual output isolated power supply

Figure 3. 36V–72V DC to 3.3V/10A and
1.8V/10A dual output isolated power supply
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current and the auxiliary output in-
ductor current (IL1 + IL)/N during this
stage. This state ends at t3, when the
rectified transformer secondary volt-
age V1 becomes zero, and the next
switching cycle begins.

There is a step change in the pri-
mary switch current at t2 when the
control switch of the LT3710 circuit
turns on. Leading edge modulation
prevents loop instability even if peak
current mode control is used on the
primary side.

The synchronization threshold of
the LT3710 is about 2.5V. The falling

edge of the rectified transformer sec-
ondary must pass through this
threshold each cycle. To ensure proper
synchronization, the LT3710 inter-
nal oscillator frequency should be set
lower than the system switching fre-
quency.

The auxiliary output VOUT2 can
range from 0.8V to near the main
output voltage VOUT1. The voltage
VOUT2 can be determined by D2 • VSP,
where VSP is the amplitude of the
secondary voltage (VIN/N) and D2 is
the duty cycle of the switch node
voltage V2.

Dual Output Isolated 2-Switch
Forward Power Supply
Figure 2 shows an application using
the LT3710—in this case a dual out-
put high efficiency, isolated DC/DC
power supply with 36V to 72V input
range and 3.3V/10A and 1.8V/10A
outputs. The basic power stage topol-
ogy is a 2-switch forward converter
with synchronous rectification. The
primary side controller uses an
LT3781, a current mode 2-switch for-
ward controller with built-in MOSFET
drivers. On the secondary side, an
LTC1698 synchronous rectifier con-
troller provides the voltage feedback
for the main 3.3V output, as well as
the gate drive for the synchronous
MOSFETs. The error amplifier output
of the main 3.3V circuit is fed into the
optocoupler and then relayed to
LT3781 on the primary side to com-
plete the main 3.3V regulation. The
auxiliary 1.8V output is precisely regu-
lated by the LT3710 circuit.

Current limiting is also provided
by the LT3710 circuit. The current
limit can be programmed by the value
of the external sensing resistor RSENSE
(see Figure 2b), to 70mV/RSENSE. If
current limiting is not required,
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Figure 5. Efficiency vs load current for the circuit in Figure 2
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Figure 7. Simplified schematic of a full-bridge converter using the LT3710

ground the current sensing pins CL+

and CL–.
A Pulse Engineering planar trans-

former acts as the power transformer.
This transformer is constructed on a
PQ20 core with nine turns of primary
windings, two turns of secondary
windings and seven turns of auxiliary
windings for the LT3781 bias supply.
Because the maximum secondary
winding voltage VSP is about 16V, 30V
MOSFETs are chosen with the con-
sideration that the secondary voltage
overshoot is typically 20% to 30% of
VSP. In this design Si7892DP N-chan-
nel MOSFETs were selected for low
RDS(ON), a 30V VDSS rating and a
compact and thermally enhanced
PowerPAK™ SO-8 package.

This circuit provides 1500V input-
to-output isolation at switching
frequency of 230KHz. Additional fea-
tures include primary side on/off
control, ±5% secondary side trim-
ming on the 3.3V output, input
overvoltage protection, undervoltage
lockout and board thermal shutdown.
The entire circuit is mounted on a

standard half brick size PC board
with about a half inch height. Figure␣ 3
shows a top side picture of the board.

Figure 4 shows the LT3710 post
regulator input voltage, switch node
voltage and inductor current wave-
forms with 48V input to 3.3V/10A
and 1.8V/10A outputs. The efficiency
curve of this circuit is shown in
Figure␣ 5. With a 48V input and full
loads on both main and auxiliary
outputs, measured total efficiency is
about 86%.

Other Isolated Topologies
Using the LT3710
Application of the LT3710 is not lim-
ited to forward converter topologies.
It can also be used with other buck
derived single-ended or dual-ended
isolated topologies, such as push-
pull, half-bridge and full-bridge
converters. Figure 6 shows a simpli-
fied circuit of push-pull converter
using the LT3710. The primary side
controller is an LTC1922-1 synchro-
nous phase modulated controller. The
secondary side uses the LT1431, a

programmable reference, to feed back
the output signal and drive an opto-
coupler. The secondary MOSFETs can
be driven by an LTC1693-1, which
contains two high speed dual N-chan-
nel MOSFET drivers. The LT3710
regulates the auxiliary output. Note
that the LT3710 circuit works at twice
the switching frequency of the main
output push-pull converter because
of the double-ended secondary struc-
ture. The higher switching frequency
means the inductor L2 and output
capacitor C2 can be smaller. Figure 7
shows a full bridge application with
the LT3710.

Conclusion
The LT3710 is a high efficiency sec-
ondary side synchronous post
regulator controller. It is designed to
generate a tightly regulated auxiliary
output in multiple output isolated
power supplies. The LT3710 provides
a simple, high efficiency and space
saving post regulator solution, espe-
cially for low voltage/high current
applications. 

PowerPAK is a trademark of Vishay Siliconix
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Introduction
The LTC1744 is an exception to the
rule that an ADC must tradeoff low
noise performance for high sampling
rates. The LTC1744 is a 14-bit ADC
that has excellent dynamics and lin-
earity at sampling rates up to 50Msps,
making it ideal for communications,
scanners and high-speed data acqui-
sition. Pin selectable input ranges of
2VP–P and 3.2VP–P along with a resis-
tor programmable mode allow the
LTC1744’s input range to be optimized
for a wide variety of applications. Its
low jitter of 0.3ps allows undersam-
pling of IF frequencies of up to 70MHz
and beyond with excellent noise per-
formance.

The LTC1743 is a pin compatible
12-bit part.

Flexible, Yet Easy to Use
The LTC1744 is a complete solution
with an on-chip sample and hold, a
14-bit pipelined ADC and a 30ppm
programmable reference, as shown

in block diagram in Figure 1. The
wide-band sample and hold circuit
can sample analog inputs beyond the
Nyquist rate up to its 150MHz band-
width. There is a low impedance, 2.5V
reference output provided (VCM) that
can be used to set the common mode
voltage of the analog inputs. The on-
chip programmable reference can be
set for a 2VP–P or 3.2VP–P input range,
or any range in between by using two
external resistors.

LTC1744 Features
❑ 50Msps sample rate
❑ 77dB SNR and 87dB SFDR at

5MHz input
❑ 150MHz full power bandwidth

sampling
❑ 2VP–P to 3.2VP–P input range
❑ 0.5V to 5V digital output range
❑ 48-pin TSSOP package

A 14-Bit ADC that is Both Fast and Low
Noise by Richard Reay and Dave Thomas
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Figure 1. Block diagram

At 77dB SNR, the LTC1744 has the
lowest noise of any ADC at this speed.
The distortion performance of the
LTC1744 is exceptional, with typical
values of 87dB SFDR for a 5MHz
input signal, and 73dB SFDR for a
70MHz input signal. Figure 2 shows a
4096-point FFT plot of the LTC1744
with a 5MHz input signal.

continued on page 38

Figure 2. FFT with a 5MHz input signal
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Need a second low-noise voltage out-
put alongside your DC/DC converter,
but don’t have the room for another
IC? The LTC3700 offers a simple so-
lution by combining a constant
frequency current mode step-down
DC/DC controller with a 150mA low
dropout (LDO) regulator in a tiny 10-
pin MSOP.

The buck controller section of the
LTC3700 offers many of the features
expected in a high-performance
switcher: high efficiency (up to 94%),
wide VIN range (2.65V to 9.8V), high
constant frequency operation (550kHz),
and current mode control for excel-
lent AC and DC load and line
regulation. The buck is configured for
Burst Mode® operation, which reduces
switching losses at light load, thereby
enhancing efficiency. In dropout, the
external P-channel MOSFET is turned
on continuously (100% duty cycle),
extending the usable voltage range of
a battery source.

The LDO output is powered by an
internal P-channel MOSFET pass de-
vice with an on resistance of
approximately 1.5Ω (with VIN2 = 4.2V).
The LDO has a separate input supply
pin, which offers the versatility of
powering the LDO from the buck

regulator’s input supply, its own in-
dependent input supply or the buck
controller’s output. The LDO is pro-
tected by both current limit and
thermal shutdown circuits.

The LTC3700 provides ±2.5% out-
put voltage accuracy for both the
buck and LDO. The buck consumes
only 210µA of quiescent current in
normal operation with the LDO con-

Replace Two ICs with a Combination
High Efficiency Buck Controller Plus
Low Noise LDO

suming an additional 50µA. In shut-
down, a mere 10µA (combined) is
consumed. A common “Power Good”
output monitors both supplies.

5V Input Supply to 3.3V/
500mA High Efficiency
Output and 2.5V/150mA Low
Noise Output
Figure 1 shows a dual regulated out-
put voltage design running off of a
single 5V input supply. The input to
the LDO, VIN2, could connect directly
to VIN, but better efficiency is ob-
tained by running if off the 3.3V buck
output.

Figure 2 shows the buck efficiency
vs load current. Since the LDO’s in-
put supply is connected to the buck
output, input current to the LDO
adds to the load current seen by the
buck. With both outputs running at
maximum current, 500mA (buck) and
150mA (LDO) for 650mA total, the
measured buck efficiency was 91.4%.
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LOAD CURRENT (mA)
1k1
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Figure 2. Efficiency of the 3.3V
output for the circuit in Figure 1

by Mark Vitunic
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Figure 1. 5V input to dual output: a 3.3V/500mA high
efficiency output and a 2.5V/150mA low noise output
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Introduction
The LT3439 is a DC transformer driver
tailored for applications that require
an efficient, low noise isolated step-
up or step-down power supply, such
as noise sensitive medical instruments
and precision measurement equip-
ment. The LT3439 includes a
proprietary technique for reducing
conducted and radiated electromag-
netic interference (EMI) that shortens
the design cycle time and saves costs.

To maximize efficiency in power
supplies, switch transitions are de-
signed to occur as quickly as possible.
Most EMI produced by a power sup-
ply is caused by the high speed slewing
of currents and voltages. The result is
input and output ripple that contains
numerous harmonics of the switch-
ing frequency. Also, fast edges couple
through circuit parasitics to nearby
signal lines causing sensitive circuitry
performance to be corrupted. Typi-
cally, mechanical shielding and
careful layout is required to control
the effects of EMI, but this can be an
expensive and time consuming effort

involving multiple PCB layout itera-
tions.

The LT3439 gives the user the abil-
ity to reduce the EMI at the source of
the noise. Switch current and voltage
slew rates are programmable with a
single resistor. Reducing the switch
transition times can yield a large im-
provement in EMI with only a minor
reduction in efficiency. Expensive
shielding and filtering are not re-
quired and system performance is
less sensitive to circuit layout. Also,
the noise performance of the final
system can be adjusted and tested by
changing only one resistor.

Circuit Operation
The LT3439 DC transformer driver
has two 1A internal switches which
drive each end of a center tapped
transformer. The two switches are
turned on out of phase at 50% duty
cycles. The input voltage is applied
across the primary side of the trans-
former. The voltage on the secondary
side is simply the input voltage times

A Simple Solution to Low Noise,
Isolated Power Conversion

the turns ratio. Rectifiers on the sec-
ondary side generate the DC output
voltage. The output capacitor is for
hold up and filtering. If required, an
additional inductor and capacitor can
be added to reduce the output noise
even further.

Control of the voltage and current
slew rate is maintained via two con-
trol loops. One loop controls the
output switch dV/dt and the other
loop controls the output switch dI/dt.
Output slew control is achieved by
comparing the two currents gener-
ated by these slewing events to a
current set by the external resistor
RSL.

The frequency of the internal oscil-
lator can be set from 20kHz to 250kHz
with an external resistor and capaci-
tor, RT and CT. Each output switch is
driven at half the frequency of the
oscillator. The SYNC pin can be used
to synchronize the switching to an
external clock. A SHDN pin can be
used to place the part into shutdown
mode where the part draws less than

by Tom Sheehan
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Figure 1. Dual output isolated step-up converter has well-controlled EMI

continued on page 36
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Many single supply powered applica-
tions require amplifier output swings
within millivolt or even sub-millivolt
levels of ground. Amplifier output
saturation limitations normally
preclude such operation. Figure 1’s
power supply bootstrapping scheme
achieves the desired characteristics
with minimal component addition.

Bootstrapped Power Supply Permits
Single Rail Amplifier Output Swing to
Ground (and Below) by Jim Williams

A1, a chopper stabilized amplifier,
has a clock output. This output
switches Q1, providing drive to the
diode-capacitor charge pump. The
charge pump output feeds A1’s V–

terminal, pulling it below zero, per-
mitting output swing to (and below)
ground. If desired, the negative out-
put excursion can be limited by either
clamp option shown.

Reliable start-up of this boot-
strapped power supply scheme is a
valid concern, warranting investiga-
tion. In Figure D2, the amplifier’s V–

pin (Trace C) initially rises at supply
turn-on (Trace A) but heads negative
when amplifier clocking (Trace B) com-
mences at about midscreen.

The circuit provides a simple way
to obtain output swing to zero volts,
permitting a true “live at zero” output.

Figure 2. Amplifier bootstrapped supply start-
up. Amplifier V– pin (trace C) initially rises
positive at 5V supply (trace A) turn-on. When
amplifier internal clock starts (trace B, 5th
vertical division), charge pump activates,
pulling V– pin negative.
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Figure 1. Single rail powered amplifier has true zero volt output swing. A1’s clock output
switches Q1, driving diode-capacitor charge pump. A1’s V– pin assumes negative voltage,
permitting zero (and below) volt output swing.

20µA. The SHDN pin can easily be
configured to provide a supply under-
voltage lockout (UVLO) function.

Protection features include cur-
rent limiting, which facilitates startup
into a high capacitance load; and
cross conduction prevention circuitry,
which keeps the two switches from
being on simultaneously.

The LT3439 is available in a ther-
mally enhanced 16-pin TSSOP with
exposed underside metal.

Low Noise Step-up Converter
Produces ±15V at 100mA
from a 5V Input
Figure 1 shows a design that provides
regulated ±15V at 100mA outputs
from a 5V±5% input. Output ripple is
less than 150µV or 0.001% of VOUT
measured at full load. Efficiency of
the supply is approximately 71%
measured at full load.

The LT1964-BYP and the LT1761-
BYP linear regulators regulate the
output to within 0.1% of nominal over
the full line and load range.

Conclusion
The LT3439 DC Transformer Driver
greatly simplifies the design of effi-
cient low noise isolated power
supplies. By reducing a major source
of the EMI with voltage and current
slew control, designs using the
LT3439 avoid expensive shielding and
filtering requirements and save the
cost and time incurred by multiple
iterative layouts. 

LTC3439, continued from page 35

For more information on parts featured in this issue, see
http://www.linear.com/go/ltmag

For more information on parts featured in this issue, see
http://www.linear.com/go/ltmag
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Versatile Amplifiers and
Comparators Now in Tiny
Packages
Linear Technology is now producing
a variety of its industry standard
amplifiers and comparators in the
tiny DFN package. The DFN package
is a dual in-line, fine-pitch, lead-less
package that measures only 3mm on
a side and is only 0.8mm thick—it
occupies the same amount of board
space as a leaded SOT-23 but has
eight connection pads for added func-
tionality.

Some of the devices now available
in a DFN include…
❑ micro-power, rail-to-rail amplifiers

including the LT1490 and LT1638
dual, and the LT1636 and LT1637
single amplifiers. The new pack-
age, combined with the micro-
power operation, makes these parts
easy to fit into handheld battery-
powered applications.

❑ the versatile LTC1540/41/42 fam-
ily of nanopower comparator, op
amp and voltage reference combi-
nations.

❑ precision devices that, in the new
smaller package, can take advan-
tage of proximity to the sensor to
improve system performance.
These include the precision, 3µV
offset, zero-drift LTC2051 op amp
and the low-noise, 1.9nV/√Hz,
LT6203 dual amplifiers.

❑ 80MHz op amps: the rail-to-rail
LT1801, the 200V/µs LT1813, and
the 750V/µs LT1816 dual amps.

❑ the LT1396 dual current feedback
amplifier for wideband applications
and cable buffering.

❑ the high speed, 4.5ns propagation
delay, LT1720 voltage comparator
which can toggle at 70MHz.
Samples of these tiny DFN-pack-

aged devices are provided on a carrier
board for easy hook-up evaluation.

New Device Cameos

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.

LTC4300-2 Provides
Capacitance Buffering, Level
Translation, and Data and
Clock Hot Swapping 2-Wire
Bus Systems
The LTC4300-2 allows I/O card in-
sertion into a live backplane without
corruption of the data and clock lines
(SDA and SCL) for I2C™ and SMBus
systems. In a typical application, the
LTC4300-2 resides on the edge of a
peripheral card where two of its pins,
SDAOUT and SCLOUT, are connected
respectively to the data and clock
busses on the card. When the card is
plugged into a live backplane two
other pins, SDAIN and SCLIN, are
connected to the data and clock bus-
ses on the backplane. Control circuitry
provides a glitch-free connection by
preventing the backplane busses from
being connected to the card busses
until data transactions on both sides
are complete.

When the LTC4300-2’s connection
circuitry is activated, SDAIN is con-
nected to SDAOUT, and SCLIN is
connected to SCLOUT. Clock stretch-
ing, arbitration, synchronization, and
data acknowledge always work, re-
gardless of how devices in the system
are tied to the LTC4300-2. Another
key feature of the connection cir-
cuitry is that, while it links the
backplane and card busses together,
it still maintains electrical isolation
between them, thus providing capaci-
tance buffering for both sides.

The LTC4300-2 also features inde-
pendent power supply inputs for the
backplane and card, enabling level
translation between 3.3V and 5V sys-
tems. Both the backplane and card
may be powered with supply voltages
ranging from 2.7V to 5.5V, with no
constraints on which supply voltage
is higher. Other features of the part
include: rise time accelerator circuitry,
which provides pull-up current dur-
ing rising edges to help heavily loaded
systems meet rise time requirements;
the ability to disable the accelerator

circuitry for lightly loaded systems;
and pre-charge circuitry, which ini-
tializes the data and clock busses to
1V before card insertion in order to
minimize the charge required by the
LTC4300-2’s parasitic capacitance.
The LTC4300-2 is available in a small
8-pin MSOP package.

LT1910 Provides Protected
High-Side MOSFET Drive
With Fault Status Indication
The LT1910 is a protected high-side
MOSFET driver with a FAULT flag.
High-side switching in hostile envi-
ronments, such as industrial control,
avionics and automotive applications,
requires a rugged N-channel MOS-
FET driver. The LT1910 operates over
a wide supply range of 8V to 48V and
it can survive supply transients from
–15V to 60V without damage.

The LT1910 has a charge pump
that fully enhances an external N-
channel MOSFET switch with no
external components. By connecting
a drain current sense resistor across
a comparator, the LT1910 detects
MOSFET current exceeding VSENSE/
RSENSE. Upon overcurrent, the LT1910
immediately switches the MOSFET
off and sets an open-collector FAULT
status pin low. After a programmed
time delay, the MOSFET is automati-
cally restarted. The FAULT flag is
reset only if the switch restarts suc-
cessfully. Latch-off current limiting
protection can also be implemented
with the LT1910.

The LT1910 is specified over the
–40° to 85° temperature range. It is
available in an 8-lead plastic SO.

Authors can be contacted
at (408) 432-1900

I2C is a trademark of Philips Electronics N.V.
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LTC4210 Provides Active
Current Limiting Protection
with Circuit Breaker Timer
The LTC4210 is a positive Hot Swap™
controller with a fast current limit
loop and a circuit breaker timer. The
current limit loop protection allows
each card in a bus cage be allocated
with a fixed supply current budget.
When a catastrophic board failure
occurs, such as a component latch-
ing-up, the offending board robs
current from the bus supply, the sup-
ply voltage drops and the adjacent
cards reservoirs of capacitance dump
current. This interaction can cause
adjacent cards to reset and possibly
cripple a high reliability system if the
bad board’s supply is not immedi-
ately limited.

The LTC4210 has a fast amplifier
that monitors the voltage across an

external RSENSE resistor connected
between the VCC and SENSE pins. If a
load surge causes the sense resistor
voltage to exceed the circuit breaker
trip voltage, VCB of 50mV, the ampli-
fier abruptly lowers the gate voltage
to regulate the pass transistor. This
limits the sense pin at VCB and the
load current is constant at 50mV/
RSENSE. The circuit breaker timer is
activated during the current limiting
period. An external CTIMER capacitor
connected between the TIMER pin to
ground sets the timeout duration for
circuit breaking. This timeout dura-
tion should be within the pass
transistor safe-operating-area, SOA.
At time-out, the pass transistor is
shutdown with GATE pull to ground.
After a brief load surge, the amplifier
stops limiting and the charge pump
pulls up the GATE with a 10µA cur-
rent source.

LTC1744

OVDD

VDD VDD
0.1µF

43Ω TYPICAL
DATA
OUTPUT

OGND

OVDD 0.5V TO
VDD

PREDRIVER
LOGIC

DATA
FROM

LATCH

OE

Figure 3. Equivalent circuit for a digital output buffer

Programmable On-Chip
Reference
When using high-speed ADCs, there
is a tradeoff between using a small
input range for clean distortion per-
formance and a larger input range for
low noise. The LTC1744 gives the
user the flexibility to choose the opti-
mal input range for the application.
There are two built-in input ranges

that can be selected using the SENSE
pin. With SENSE tied to VDD, the
input range is 3.2VP–P, and with
SENSE tied to GND, the input range
is 2VP–P. If another input range is
desired, SENSE can be driven with an
external reference or by a resistor
divider from the on-chip 2.5V refer-
ence to generate any input range
between 2VP–P and 3.2VP–P.

Easy Interface to 5V, 3V or
LVDS Systems
The LTC1744 offers flexible digital
output range making it versatile and
easy to use. Figure 3 shows an equiva-
lent circuit for one of the digital output
buffers. Each buffer is powered by
the OVDD and OGND pins, which are
isolated from the ADC power and
ground. The OVDD supply can be set
from 0.5 to 5V, allowing direct inter-
face to any CMOS logic family, TTL or
LVDS. In high speed ADCs, coupling
from the digital outputs to the analog
input can degrade the noise perfor-
mance. Reducing the output swing
minimizes this effect.

Conclusion
The LTC1744 is a flexible 14-bit
50Msps ADC that offers industry-
leading low noise performance and
features that make it both versatile
and easy-to-use. 

A multi-mode timer sequences the
LTC4210, with the duration set by
CTIMER. The initial timing cycle pro-
vides enough time for a solid
connection to be made to the back-
plane and for the power supply to
settle at the board plug-in. The ON
pin of the LTC4210 must be taken
high for the initial timing cycle to be
activated. The start-up cycle begins
after the initial timing cycle with the
charge pump ramping up the GATE
with a 10µA current source.

The LTC4210 operates from 2.7V
to 16.5V and is available in low profile
6-pin ThinSOTTM package. It is
specified for both commercial and
industrial temperature ranges. This
part is available in two configura-
tions: the LTC4210-1 for automatic
retry on an overcurrent fault and the
LTC4210-2 for latch-off on an
overcurrent fault. 

LTC1744, continued from page 33

For more information on parts featured in this issue, see
http://www.linear.com/go/ltmag

For more information on parts featured in this issue, see
http://www.linear.com/go/ltmag
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1990 Linear Databook, Vol I —This 1440 page collec-
tion of data sheets covers op amps, voltage regulators,
references, comparators, filters, PWMs, data conver-
sion and interface products (bipolar and CMOS), in both
commercial and military grades. The catalog features
well over 300 devices. $10.00

1992 Linear Databook, Vol II — This 1248 page supple-
ment to the 1990 Linear Databook includes all products
introduced in 1991 and 1992. $10.00

1994 Linear Databook, Vol III —This 1826 page supple-
ment to the 1990 and 1992 Linear Databooks includes
all products introduced since 1992. $10.00

1995 Linear Databook, Vol IV —This 1152 page supple-
ment to the 1990, 1992 and 1994 Linear Databooks
includes all products introduced since 1994. $10.00

1996 Linear Databook, Vol V —This 1152 page supple-
ment to the 1990, 1992, 1994 and 1995 Linear Databooks
includes all products introduced since 1995. $10.00

1997 Linear Databook, Vol VI —This 1360 page supple-
ment to the 1990, 1992, 1994, 1995 and 1996 Linear
Databooks includes all products introduced since 1996.

$10.00

1999 Linear Databook, Vol VII — This 1968 page
supplement to the 1990, 1992, 1994, 1995, 1996 and
1997 Linear Databooks includes all products introduced
since 1997. $10.00

1990 Linear Applications Handbook, Volume I —
928 pages full 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 hand-
book contains broad tutorial content together with liberal
use of schematics and scope photography. A special
feature in this edition includes a 22-page section on
SPICE macromodels. $20.00

1993 Linear Applications Handbook, Volume II —
Continues the stream of “real world” linear circuitry
initiated by the 1990 Handbook. Similar in scope to the
1990 edition, the new book covers Application Notes 40
through 54 and Design Notes 33 through 69. Refer-
ences and articles from non-LTC publications that we
have found useful are also included. $20.00

1997 Linear Applications Handbook, Volume III —
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 convert-
ers, power products, battery chargers and CCFL inverters.
An extensive subject index references circuits in LTC
data sheets, design notes, application notes and Linear
Technology magazines. $20.00

FilterCAD™ 3.0 — FilterCAD 3.0 is a computer aided
design 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 configuration and 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
Q elliptic, plus custom responses. Download at
www.linear.com

SPICE Macromodel Disk — This IBM-PC (or compat-
ible) high density diskette contains the library of LTC op
amp SPICE macromodels. The models can be used with
any version of SPICE for general analog circuit simula-
tions. The diskette also contains working circuit examples
using the models and a demonstration copy of PSPICE™
by MicroSim. Available at no charge

Noise Disk — This IBM-PC (or compatible) 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. Available at no charge

www.linear.com and
the Linear Online Store
LTC Web Site — Customers can quickly and conve-
niently find and retrieve the latest technical information
covering the company’s products on LTC’s web site.
Located at www.linear.com, the site allows searching of
data sheets, application notes, design notes, Linear
Technology magazine issues and other LTC publica-
tions. The LTC web site simplifies searches by providing
three separate search engines. The first is a quick search
function that provides a complete list of all documenta-
tion 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 powerful, though, is the para-
metric 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, financial information,
quality assurance documentation, and general corpo-
rate information.

Linear Direct Online Store — The Linear Online Store
at www.linear.com now offers a simple way to order LTC
products factory direct. The new store accepts major
credit cards and allows customers to create personal-
ized accounts where they can check order history,
shipment information and reorder products. Also, the
maximum quantity per order has increased to 500.

DESIGN TOOLS

Acrobat is a trademark of Adobe Systems, Inc.; Windows
is a registered trademark of Microsoft Corp.; PSPICE is a
trademark of MicroSim Corp.

Brochures and Software
Power Management Solutions Brochure — This 96
page collection of circuits contains real-life solutions for
common power supply design problems. There are over
70 circuits, including descriptions, graphs and perfor-
mance specifications. Topics covered include battery
chargers, desktop PC power supplies, notebook PC
power supplies, portable electronics power supplies,
distributed power supplies, telecommunications and
isolated power supplies, off-line power supplies and
power management circuits. Selection guides are pro-
vided for each section and a variety of helpful design
tools are also listed for quick reference.

Available at no charge

Data Conversion Solutions Brochure␣ —␣ This 88 page
collection of data conversion circuits, products and
selection guides serves as excellent reference for the
data acquisition system designer. Over 40 products are
showcased, solving problems in low power, small size
and high performance data conversion applications—
with performance graphs and specifications. Topics
covered include delta-sigma ADCs, low power and high
speed ADCs and low power and high speed DACs. A
complete glossary defines data conversion
specifications; a list of selected application and design
notes is also included. Available at no charge

Telecommunications Solutions Brochure —This 76
page collection of application circuits and selection
guides covers a wide variety of products targeted for
telecommunications. Circuits solve real life problems
for central office switching, cellular phones, high speed
modems, basestation, plus special sections covering
–48V and Hot SwapTM applications. Many applications
highlight new products such as Hot Swap controllers,
power products, high speed amplifiers, A/D converters,
interface transceivers and filters. Includes a telecom-
munications glossary, serial interface standards, protocol
information and a complete list of key application notes
and design notes. Available at no charge

SwitcherCAD™ III — LTC SwitcherCAD III is a 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 waveform viewer, and also includes sche-
matic capture. Our enhancements to SPICE result in
much faster simulation of switching regulators than is
possible with normal SPICE simulators. SwitcherCAD
III includes SPICE, macromodels for 80% of LTC’s
switching regulators and over 200 op amp models. It
also includes models of resistors, transistors and MOS-
FETs. With this SPICE simulator, most switching
regulator waveforms can be viewed in a few minutes on
a high performance PC. Circuits using op amps and
transistors can also be easily simulated. Download
at www.linear.com

Databooks and
Applications Handbooks

DESIGN TOOLS
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