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Figure 1. 15V to 55V Input, 25.2V/6.3A Buck-Boost Battery Charger

Introduction
Today, battery chargers are expected to easily support 
a variety of battery chemistries and accept a range of 
voltage inputs, including wide-ranging solar panels. It is 
increasingly common for input voltage ranges to span 
above and below the output battery voltage, requiring 
both step-down and step-up capability (buck-boost to-
pology). The LTC4020 buck-boost power manager and 
multi-chemistry battery-charging controller can take 
wide-ranging 4.5V to 55V inputs and produce output 
voltages up to 55V. Its buck-boost DC/DC controller 
supports battery and system voltages above, below, 
or equal to the input voltage.

The charger is easily optimized for a variety of battery 
chemistries. For instance, it can follow a constant-
current/constant-voltage (CC/CV) charge algorithm, 
with either C/10 or timed termination for lithium-based 
battery systems, a constant-current (CC) characteristic 
with timed termination, or an optimized 4-step, 3-stage 
lead-acid charge profile.

6.3A Charger for 25.2V Battery Float Voltage
Figure 1 shows a 15V to 55V input, 25.2V/6.3A buck-
boost battery charger, featuring a high efficiency 
4-switch (M2–M5) synchronous buck-boost DC/DC 
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Einführung
Wenn ein A/D-Wandler (ADC) ein optimales Signal-Rauschver-
hältnis (SNR) erzielen soll, ist es nicht damit getan, dem Bau-
stein ein möglichst rauscharmes Eingangssignal zuzuführen. 
Von gleicher Bedeutung ist es, eine rauscharme Referenzspan-
nung zur Verfügung zu stellen. Während das Referenzrauschen 
bei einem Signal von null keine Auswirkungen hat, kommt es 
beim Skalenendwert im Ausgangscode sehr wohl zum Tragen. 
Aus diesem Grund ist der (am Nullpunkt gemessene) Dynamik-
bereich eines ADC normalerweise um mehrere Dezibel besser 
als der Signal-Rauschabstand, der stattdessen am Endwert 
oder in dessen Nähe gemessen wird. Besonders wichtig ist die 
Bereitstellung einer rauscharmen Referenzspannung in Over-
sampling-Anwendungen, in denen der SNR des ADC mehr als 
140 dB betragen kann. Um einen SNR dieser Größenordnung zu 
erreichen, benötigen selbst die besten rauscharmen Referenz-
quellen ein wenig Hilfestellung, um ihr Rauschniveau zu senken. 
Zum Reduzieren des Referenzrauschens stehen verschiedene 
Alternativen zur Wahl. Keine gute Möglichkeit ist es, die Grö-
ße des Bypass-Kondensators zu erhöhen oder einen einfachen 
RC-Tiefpass am Referenzausgang zu verwenden. Ein großer 
Bypass-Kondensator am Referenzausgang allein kann nicht für 
eine genügend niedrige Cutoff-Frequenz sorgen, um wirklich ef-
fektiv zu sein. Ein passives RC-Filter ist zwar in der Lage, eine 
hinreichend geringe Cutoff-Frequenz zu bewirken, produziert 
aber eine Ausgangsspannung, die mit der Abtastfrequenz und 
der Temperatur schwankt. Ein effektive Alternative stellt das 
Parallelschalten mehrerer rauscharmer Referenzen dar. Diese 
Variante ist aber teuer und geht mit einer hohen Stromaufnah-
me einher. 

Das hier vorgestellte Referenzfilter dagegen erzeugt eine rau-
scharme Referenzspannung, ohne dass die Genauigkeit oder 
der Temperaturkoeffizient der Referenz signifikant beeinträch-
tigt werden. Auch die Stromaufnahme und die Kosten dieser 
Lösung halten sich im Rahmen. 
Schaltungsbeschreibung
Als ADC kommt in diesem Beispiel der LTC2508-32 (U1) zum 
Einsatz. Dieser rauscharme und stromsparende 32bit-SAR-ADC 
besitzt ein digitales Tiefpassfilter, an dem durch äußere Be-
schaltung vier Downsampling-Faktoren (DF) zwischen 256 und 
16384 eingestellt werden können. Damit die Leistungsfähigkeit 
des LTC2508-32A uneingeschränkt ausgeschöpft werden kann, 
wird eine rauscharme Referenz mit geringer Temperaturdrift 
benötigt. 
Im vorliegenden Fall dient als Referenz der Baustein LTC6655-5 
(U2). Seine kennzeichnenden Merkmale sind die hohe Genauig-
keit von ±0,025 % (max.), das außergewöhnlich geringe Rau-
schen von 0,67 ppm RMS (typ.) und die geringe Drift von 2 pp-
m/°C (max.). Trotz seines außerordentlich geringen Rauschens 
beeinträchtigt der LTC6655-5 jedoch die SNR-Eigenschaften 
des LTC2508-32. 
Bei U3 handelt es sich um einen Zero-Drift-Operationsverstär-
ker des Typs LTC2057 mit unterdrücktem 1/f-Rauschen. Dieser 
weist einen Eingangs-Bias-Strom (IB) von weniger als 200 pA 
auf, sowie eine maximale Offsetspannung von 4 µV und ei-
nen maximalen Offsetspannungs-Temperaturkoeffizienten von 
0,015 µV/°C. Der letztere Wert liegt damit deutlich unter dem 

Referenzfilter verbessert den SNR eines  
32-Bit-A/D-Wandlers um 6 dB
Design Note 568 
Guy Hoover
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Figure 1(a) and (b). Location of the Blocking 
Diode in the Backup System Schematic

Introduction
Data loss is a concern in telecom, industrial and 
automotive applications where embedded systems 
require a dependable supply of power. Sudden power 
interruptions can corrupt data during read and write 
operations performed by hard drives and flash 
memory. Designers often use batteries, capacitors 
and supercaps to store enough energy to support criti-
cal loads for a short time during a power interruption. 

The LTC®3643 power backup supply allows designers 
to use a relatively inexpensive storage component: 
low cost electrolytic capacitors. In the backup or 
holdup supply presented here, the LTC3643 charges a 
storage capacitor to 40V when power is present, and 
discharges it to the critical load when power is inter-
rupted. The load (output) voltage can be programmed 
to any voltage between 3V and 17V. 

The LTC3643 easily fits backup solutions for 5V 
and 12V rails, but a 3.3V rail solution requires extra 
care. The minimum operating voltage of the LTC3643 
is 3V, relatively close to the nominal 3.3V input volt-
age level. This is too tight when a blocking diode is 
used to decouple the backup voltage source from 
noncritical circuitry as shown in Figure 1a. If D1 is a 
Shottky diode, its forward voltage drop—as a function 
of load current and temperature—can reach 0.4V to 
0.5V, enough to place the voltage at the LTC3643 VIN 
pin below the 3V minimum. As a result, the backup 
supply circuit may not start up. 

One possible solution is to move the diode to the input 
of the supplying DC/DC converter, D2, as shown in 
Figure 1b. Unfortunately, in this scenario, noncritical 
loads connected to the upstream DC/DC supply can 
draw power from the backup supply, leaving less 
energy for critical loads.

3.3V Backup Supply Operation
Figure 2 shows a solution to producing a 3.3V backup 
supply that reserves energy for critical loads using a 
blocking MOSFET. The blocking diode shown in Figure 
1 is replaced by Q1, a low gate threshold voltage 
power P-channel MOSFET.

The key to operating the backup supply in a 3.3V 
environment is the addition of the series RA-CA 
circuit. At start-up, as the input voltage rises, the 
current through the capacitor CA is governed by the 
equation IC = C • (dV/dt). This current generates a 
potential across RA, enough to enhance Q2, a low gate 
threshold voltage small signal N-channel MOSFET. 
As Q2 turns on, it pulls the gate of the Q1 to ground, 
providing an extremely low resistance path from the 
input voltage to the supply pins VIN of LTC3643. Once 
3.3V is applied to the converter, it starts up, pulling 
down both the gate of Q1 and the PFO pin, and it 
starts charging the storage capacitor.

As the 3.3V rail reaches steady state, the IC current 
reduces to the point where the voltage across RA falls 
below the Q2 gate threshold level and Q2 turns off, 
no longer affecting the functionality of the backup 
converter. Also, the PFO pin grounds R3A, resetting 
the PFI pin power fail voltage level to the minimum 
3V, to ensure that the converter remains operational 
when the input voltage source is disconnected.
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Reference Filter Increases 32-Bit ADC SNR by 6dB 
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Introduction
Attaining optimal SNR performance from an ADC isn’t 
just a matter of providing a low noise signal to the ADC’s 
input. Providing a low noise reference voltage is just 
as important. While reference noise has no effect at 
zero-scale, at full-scale any noise on the reference will 
be visible in the output code. This is why dynamic range 
(DR) which is measured at zero-scale is usually several 
dB better for a given ADC than the signal-to-noise ratio 
(SNR) which is measured at or near full-scale. Providing 
a low noise reference voltage is particularly important 
in an oversampling application where it’s possible for 
the ADC’s SNR to exceed 140dB. To achieve an SNR 
at this level, even the best low noise references need 
some help to reduce their noise levels.

There are several alternatives that can reduce reference 
noise. Increasing the size of the bypass capacitor or 
using a simple lowpass RC filter on the reference output 
are not good alternatives. A large bypass capacitor on 
the reference output by itself cannot produce a low 
enough cutoff frequency to be effective. A passive RC 
filter by itself, while providing a low cutoff frequency, 
will produce an output voltage that varies with sampling 
frequency and temperature. Paralleling the outputs of 
multiple low noise references is an effective alterna-
tive, but it is expensive and consumes a lot of power. 

The reference filter demonstrated here produces 
a low noise reference voltage without significantly 
compromising the reference accuracy or temperature 
coefficient and does so with only moderate power 
consumption and cost.

Circuit Description
The ADC used in this example is the LTC2508-32 (U1). 
The LTC2508-32 is a low noise, low power, 32-bit 
SAR ADC with a lowpass digital filter that has four 
pin-selectable downsampling factors (DF) ranging 
from 256 to 16384. A low noise, low temperature drift 
reference is necessary to achieve the full performance 
of the LTC2508-32.

The reference used in this example is the LTC6655-5  
(U2). The LTC6655-5 offers high accuracy (±0.025% 
Max), exceptionally low noise (0.67ppm RMS Typ) and 
drift (2ppm/ºC Max) performance. Even with its ex-
ceptionally low noise performance, the LTC6655-5 still 
degrades the SNR performance of the LTC2508-32. 

The LTC2057 (U3) is a zero-drift op amp that has 
suppressed 1/f noise. The LTC2057 has an input 
bias current (IB) of less than 200pA, a maximum 
offset voltage of 4µV and a maximum offset volt-
L, LT, LTC, LTM, Linear Technology and the Linear logo are registered 
trademarks of Analog Devices, Inc. All other trademarks are the property of 
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Der MCB ist ein optionaler externer Crowbar-Baustein, der an den 
Ausgang angeschlossen wird. Sobald die Ausgangsspannung ei-
nen einstellbaren Grenzwert überschreitet (voreingestellt ist eine 
Ansprechschwelle von 11 % über der Nennspannung), legt der 
LTM4641 seinen CROWBAR-Ausgang umgehend (d. h. mit einer 
Reaktionszeit von maximal 500 ns) auf logisch High und schaltet 
seine Ausgangsspannung dauerhaft ab. Die Leistungsstufe wird 
hochohmig, und der obere interne MOSFET wird ebenso wie der 
untere abgeschaltet. Der CROWBAR-Ausgang schaltet MCB ein, 
wodurch die Ausgangskondensatoren entladen werden und ein 
weiteres Ansteigen der Ausgangsspannung unterbunden wird. 
Der Baustein MSP ist zwischen die eingangsseitige Spannungs-
quelle (VIN) und den Eingangs-Pin (VINH) der Leistungsstufe des 
LTM4641 geschaltet. Der Baustein dient als rückstellbarer elekt-
ronischer Stromkreisunterbrecher. Sobald die internen Schaltun-
gen des LTM4641 einen Fehler wie etwa eine Überspannung am 
Ausgang (Output Overvoltage – OOV) registrieren, wird das Gate 
des MSP in einer Zeitspanne von maximal 2,6 µs entladen, wo-
durch der MSP abschaltet. Damit wird die Stromversorgung vom 
VINH-Anschluss, dem Eingang der Leistungsstufe des LTM4641, 
getrennt. Die gefährliche Eingangsspannung kann auf diese 
Weise nicht mehr an den wertvollen Verbraucher gelangen. Zur 
Erzeugung des OOV-Grenzwerts nutzt der LTM4641 ferner eine 
unabhängige Referenzspannung, die nicht mit der Bandlücken 
(bandgap) -Spannung des Regelungs-IC zusammenhängt. 

Bild 1 zeigt den Verlauf der CROWBAR-Spannung und von VOUT, 
wenn der obere MOSFET (MTOP) ausfällt und es zu einem Kurz-
schluss zwischen VIN und dem Knoten SW kommt. Das CROW-
BAR-Signal wechselt binnen 500 ns in den High-Status und 
schaltet damit den MCB ein, der den Ausgang mit der Masse 
verbindet. VOUT steigt zu keinem Zeitpunkt auf mehr als 110 % der 
Nenn-Ausgangsspannung an. 
Über- und Unterspannungsschutz für den Eingang
Der Eingang des LTM4641 ist mit einem Über- und Unterspan-
nungsschutz versehen, dessen Ansprechschwellen vom Benutzer 
gewählt werden können (Bild 2). 
Der UVLO-Pin (UVLO = Undervoltage-Lockout) ist direkt mit dem 
invertierenden Eingang eines Komparators verbunden, dessen 
Ansprechschwelle 0,5 V beträgt. Wenn die Spannung am UVLO-
Pin auf unter 0,5 V fällt, wird das Schalten des Wandlers unter-
bunden. Sobald die Spannung an UVLO wieder über 0,5 V ansteigt, 
kann das Schalten wieder beginnen. Die Pins IOVRETRY und OVLO 
sind direkt an die nicht invertierenden Eingänge von Komparato-
ren geführt, deren Ansprechschwellen ebenfalls 0,5 V betragen. 
Steigt die Spannung am Pin IOVRETRY auf über 0,5 V an, so wird 
das Schalten des Wandlers ebenfalls unterbrochen. Erst wenn die 
Spannung an IOVRETRY wieder mehr als 0,5 V beträgt, wird das 
Schalten wieder freigegeben. Das Schalten des Wandlers wird 
auch dann unterbunden, wenn die Spannung an OVLO die Marke 

von 0,5 V übersteigt. Fällt die Spannung anschließend wieder un-
ter 0,5 V, wird das Schalten jedoch erst dann wieder ermöglicht, 
wenn das Latch zurückgesetzt wurde. Diese drei Pins bieten zu-
sätzliche Flexibilität, um das Verhalten des LTM4641 individuell 
einzustellen. 
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MCB is an external optional crowbar device residing 
on VOUT. If the output voltage exceeds an adjustable 
threshold —default value is 11% above nominal— 
the LTM4641 pulls its CROWBAR output logic high 
immediately (500ns response time, maximum) and 
latches off its output voltage: the power stage becomes 
high impedance, with both internal top and bottom 
MOSFETs latched off. The CROWBAR output turns on 
MCB, discharging the output capacitors and preventing 
any further positive excursion of the output voltage. 

MSP is placed between the input power source (VIN) 
and the LTM4641's power stage input pins (VINH), and is 
used as a resettable electronic power-interrupt switch. 
When a fault condition, such as an output overvoltage 
(OOV) condition, is detected by the LTM4641’s internal 
circuitry, the gate of MSP is discharged within 2.6μs 
(maximum) and MSP turns off. The input source sup-
ply is thus disconnected from the LTM4641’s power 
stage input (VINH), preventing the hazardous (input) 
voltage from reaching the precious load. LTM4641 
also uses an independent reference voltage to gener-
ate an OOV threshold, separate from the control IC’s 
bandgap voltage.

Figure 1 shows the CROWBAR and VOUT waveforms 
when the top MOSFET MTOP fails, causing a short-
circuit between the VIN and SW nodes. CROWBAR 
goes high within 500ns and turns on MCB to short 
the output to ground. VOUT never exceeds 110% of the 
specified output voltage.

Input Overvoltage and Undervoltage Protections
The LTM4641 has input undervoltage and overvoltage 
protections, whose trip thresholds can be set by the 
user. Please refer to Figure 2.

The UVLO pin feeds directly into the inverting input 
of a comparator whose trip threshold is 0.5V. When 
the UVLO pin falls below 0.5V, switching action is 
inhibited; when the UVLO pin exceeds 0.5V, switching 
action can resume. The IOVRETRY and OVLO pins each 
feed directly into noninverting inputs of comparators 
whose trip thresholds are 0.5V. When the IOVRETRY 
pin exceeds 0.5V, switching action is inhibited; when 
IOVRETRY falls below 0.5V, switching action can 
resume. When the OVLO pin exceeds 0.5V, switching 
action is inhibited; when OVLO subsequently falls below 
0.5V, switching action cannot occur until the latch has 

been reset. These three pins give added flexibility to 
tailor the behavior of the LTM4641. 

Figure 2. Circuit to Set the Input UVLO, IOVRETRY 
and OVLO Thresholds
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Efficiency
Figure 3 below shows the efficiency curves for the 
LTM4641 for a typical 12V input voltage for the circuit 
in Figure 1. With all the protection circuits, LTM4641 
can still achieve high efficiency.

Conclusion
The LTM4641 μModule regulator monitors input 
voltage, output voltage and temperature conditions. 
It can provide comprehensive electrical and thermal 
protection from excessive voltage stress for loads such 
as processors, ASICs and high end FPGAs.
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Bild 2. Beschaltung zum Festlegen der Ansprechschwellen 
für UVLO, IOVRETRY und OVLO

Effizienz
Bild 3 zeigt die typischen Wirkungsgradkurven des LTM4641 bei 
einer typischen Eingangsspannung von 12 V für die Schaltung aus 
Bild 1. Auch mit allen Schutzschaltungen kommt der LTM4641 auf 
eine hohe Effizienz. 
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MCB is an external optional crowbar device residing 
on VOUT. If the output voltage exceeds an adjustable 
threshold —default value is 11% above nominal— 
the LTM4641 pulls its CROWBAR output logic high 
immediately (500ns response time, maximum) and 
latches off its output voltage: the power stage becomes 
high impedance, with both internal top and bottom 
MOSFETs latched off. The CROWBAR output turns on 
MCB, discharging the output capacitors and preventing 
any further positive excursion of the output voltage. 

MSP is placed between the input power source (VIN) 
and the LTM4641's power stage input pins (VINH), and is 
used as a resettable electronic power-interrupt switch. 
When a fault condition, such as an output overvoltage 
(OOV) condition, is detected by the LTM4641’s internal 
circuitry, the gate of MSP is discharged within 2.6μs 
(maximum) and MSP turns off. The input source sup-
ply is thus disconnected from the LTM4641’s power 
stage input (VINH), preventing the hazardous (input) 
voltage from reaching the precious load. LTM4641 
also uses an independent reference voltage to gener-
ate an OOV threshold, separate from the control IC’s 
bandgap voltage.

Figure 1 shows the CROWBAR and VOUT waveforms 
when the top MOSFET MTOP fails, causing a short-
circuit between the VIN and SW nodes. CROWBAR 
goes high within 500ns and turns on MCB to short 
the output to ground. VOUT never exceeds 110% of the 
specified output voltage.

Input Overvoltage and Undervoltage Protections
The LTM4641 has input undervoltage and overvoltage 
protections, whose trip thresholds can be set by the 
user. Please refer to Figure 2.

The UVLO pin feeds directly into the inverting input 
of a comparator whose trip threshold is 0.5V. When 
the UVLO pin falls below 0.5V, switching action is 
inhibited; when the UVLO pin exceeds 0.5V, switching 
action can resume. The IOVRETRY and OVLO pins each 
feed directly into noninverting inputs of comparators 
whose trip thresholds are 0.5V. When the IOVRETRY 
pin exceeds 0.5V, switching action is inhibited; when 
IOVRETRY falls below 0.5V, switching action can 
resume. When the OVLO pin exceeds 0.5V, switching 
action is inhibited; when OVLO subsequently falls below 
0.5V, switching action cannot occur until the latch has 

been reset. These three pins give added flexibility to 
tailor the behavior of the LTM4641. 

Figure 2. Circuit to Set the Input UVLO, IOVRETRY 
and OVLO Thresholds
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Efficiency
Figure 3 below shows the efficiency curves for the 
LTM4641 for a typical 12V input voltage for the circuit 
in Figure 1. With all the protection circuits, LTM4641 
can still achieve high efficiency.

Conclusion
The LTM4641 μModule regulator monitors input 
voltage, output voltage and temperature conditions. 
It can provide comprehensive electrical and thermal 
protection from excessive voltage stress for loads such 
as processors, ASICs and high end FPGAs.
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Bild 3. Wirkungsgrad-Kennlinien des LTM4641
Fazit
Das µModule LTM4641 überwacht die Eingangsspannung, die 
Ausgangsspannung und die Temperaturbedingungen. Der Bau-
stein bietet Verbrauchern wie etwa Prozessoren, ASICs und an-
spruchsvollen FPGAs einen umfassenden elektrischen und ther-
mischen Schutz vor überhöhten Spannungen.
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MCB is an external optional crowbar device residing 
on VOUT. If the output voltage exceeds an adjustable 
threshold —default value is 11% above nominal— 
the LTM4641 pulls its CROWBAR output logic high 
immediately (500ns response time, maximum) and 
latches off its output voltage: the power stage becomes 
high impedance, with both internal top and bottom 
MOSFETs latched off. The CROWBAR output turns on 
MCB, discharging the output capacitors and preventing 
any further positive excursion of the output voltage. 

MSP is placed between the input power source (VIN) 
and the LTM4641's power stage input pins (VINH), and is 
used as a resettable electronic power-interrupt switch. 
When a fault condition, such as an output overvoltage 
(OOV) condition, is detected by the LTM4641’s internal 
circuitry, the gate of MSP is discharged within 2.6μs 
(maximum) and MSP turns off. The input source sup-
ply is thus disconnected from the LTM4641’s power 
stage input (VINH), preventing the hazardous (input) 
voltage from reaching the precious load. LTM4641 
also uses an independent reference voltage to gener-
ate an OOV threshold, separate from the control IC’s 
bandgap voltage.

Figure 1 shows the CROWBAR and VOUT waveforms 
when the top MOSFET MTOP fails, causing a short-
circuit between the VIN and SW nodes. CROWBAR 
goes high within 500ns and turns on MCB to short 
the output to ground. VOUT never exceeds 110% of the 
specified output voltage.

Input Overvoltage and Undervoltage Protections
The LTM4641 has input undervoltage and overvoltage 
protections, whose trip thresholds can be set by the 
user. Please refer to Figure 2.

The UVLO pin feeds directly into the inverting input 
of a comparator whose trip threshold is 0.5V. When 
the UVLO pin falls below 0.5V, switching action is 
inhibited; when the UVLO pin exceeds 0.5V, switching 
action can resume. The IOVRETRY and OVLO pins each 
feed directly into noninverting inputs of comparators 
whose trip thresholds are 0.5V. When the IOVRETRY 
pin exceeds 0.5V, switching action is inhibited; when 
IOVRETRY falls below 0.5V, switching action can 
resume. When the OVLO pin exceeds 0.5V, switching 
action is inhibited; when OVLO subsequently falls below 
0.5V, switching action cannot occur until the latch has 

been reset. These three pins give added flexibility to 
tailor the behavior of the LTM4641. 

Figure 2. Circuit to Set the Input UVLO, IOVRETRY 
and OVLO Thresholds
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Efficiency
Figure 3 below shows the efficiency curves for the 
LTM4641 for a typical 12V input voltage for the circuit 
in Figure 1. With all the protection circuits, LTM4641 
can still achieve high efficiency.

Conclusion
The LTM4641 μModule regulator monitors input 
voltage, output voltage and temperature conditions. 
It can provide comprehensive electrical and thermal 
protection from excessive voltage stress for loads such 
as processors, ASICs and high end FPGAs.
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MCB is an external optional crowbar device residing 
on VOUT. If the output voltage exceeds an adjustable 
threshold —default value is 11% above nominal— 
the LTM4641 pulls its CROWBAR output logic high 
immediately (500ns response time, maximum) and 
latches off its output voltage: the power stage becomes 
high impedance, with both internal top and bottom 
MOSFETs latched off. The CROWBAR output turns on 
MCB, discharging the output capacitors and preventing 
any further positive excursion of the output voltage. 

MSP is placed between the input power source (VIN) 
and the LTM4641's power stage input pins (VINH), and is 
used as a resettable electronic power-interrupt switch. 
When a fault condition, such as an output overvoltage 
(OOV) condition, is detected by the LTM4641’s internal 
circuitry, the gate of MSP is discharged within 2.6μs 
(maximum) and MSP turns off. The input source sup-
ply is thus disconnected from the LTM4641’s power 
stage input (VINH), preventing the hazardous (input) 
voltage from reaching the precious load. LTM4641 
also uses an independent reference voltage to gener-
ate an OOV threshold, separate from the control IC’s 
bandgap voltage.

Figure 1 shows the CROWBAR and VOUT waveforms 
when the top MOSFET MTOP fails, causing a short-
circuit between the VIN and SW nodes. CROWBAR 
goes high within 500ns and turns on MCB to short 
the output to ground. VOUT never exceeds 110% of the 
specified output voltage.

Input Overvoltage and Undervoltage Protections
The LTM4641 has input undervoltage and overvoltage 
protections, whose trip thresholds can be set by the 
user. Please refer to Figure 2.

The UVLO pin feeds directly into the inverting input 
of a comparator whose trip threshold is 0.5V. When 
the UVLO pin falls below 0.5V, switching action is 
inhibited; when the UVLO pin exceeds 0.5V, switching 
action can resume. The IOVRETRY and OVLO pins each 
feed directly into noninverting inputs of comparators 
whose trip thresholds are 0.5V. When the IOVRETRY 
pin exceeds 0.5V, switching action is inhibited; when 
IOVRETRY falls below 0.5V, switching action can 
resume. When the OVLO pin exceeds 0.5V, switching 
action is inhibited; when OVLO subsequently falls below 
0.5V, switching action cannot occur until the latch has 

been reset. These three pins give added flexibility to 
tailor the behavior of the LTM4641. 

Figure 2. Circuit to Set the Input UVLO, IOVRETRY 
and OVLO Thresholds
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Efficiency
Figure 3 below shows the efficiency curves for the 
LTM4641 for a typical 12V input voltage for the circuit 
in Figure 1. With all the protection circuits, LTM4641 
can still achieve high efficiency.

Conclusion
The LTM4641 μModule regulator monitors input 
voltage, output voltage and temperature conditions. 
It can provide comprehensive electrical and thermal 
protection from excessive voltage stress for loads such 
as processors, ASICs and high end FPGAs.
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Temperaturkoeffizienten des LTC6655-5 von 2 ppm/°C = 10 
µV/°C. 
Der Baustein U4 schließlich ist ein Operationsverstärker des 
Typs LT6202 mit geringem Rauschen und kurzer Einschwingzeit, 
der zusätzlich die hohe Kurzschlussstrom-Festigkeit mitbringt, 
die zum Treiben des am REF-Pin des LTC2508-32 notwendigen 
Bypass-Kondensators von 47 µF erforderlich ist. 
Die in Bild 1 gezeigte Schaltung filtert den Ausgang der Referenz 
U2 mithilfe von R2 und C3, die ein 0,8-Hz-Filter bilden. Für C3 
sollte ein Folienkondensator gewählt werden, denn Tantal- und 
Elektrolytkondensatoren weisen hohe Leckströme auf, die zu 
einem Offset an R2 führen würden. Bei Keramik-Kondensatoren 
wiederum kann es zu Mikrofoneffekten kommen, als deren Fol-
ge bei niedrigen Frequenzen ein erhöhtes Rauschen entstünde. 
Der gefilterte Ausgang wird durch den hochohmigen Eingang 
von U3 gepuffert. Wegen des nur maximal 200 pA betragenden 
IB-Werts von U3 entsteht an R2 ein Spannungsabfall von höchs-
tens 2 µV. Zusammen mit der Offsetspannung des LTC2057 er-
zeugt dies einen maximalen Fehler von 6 µV, der verglichen mit 
der maximalen Anfangsgenauigkeit des LTC6655-5 von 0,025 
% (1,25 mV) als relativ unbedeutend einzustufen ist. U3 und U4 
ergeben einen Verbundverstärker, der den geringen Offset, den 
niedrigen Offset-Temperaturkoeffizienten und das unterdrückte 
1/f-Rauschen des LTC2057 aufweist und gleichzeitig die kurze 
Einschwingzeit des LT6202 mitbringt. Der REF-Pin von U1 zieht 
Ladung aus C1, die sich mit der Abtastrate und dem Ausgangs-
code verändert. U4 muss diese Ladung wieder auffüllen, damit 
die Spannung am REF -Anschluss gleichbleibt. R5 isoliert U4 von 
C1, um die Einschwingzeit am REF-Pin zu verkürzen. Mecha-
nisch größere Keramik-Kondensatoren mit höheren Spannungs- 
und Temperaturwerten besitzen niedrigere Spannungskoeffizi-
enten und bieten eine höhere effektive Kapazität. Aus diesem 
Grund sollte für C1 ein X7R-Kondensator im Format 1210 mit 
einer Nennspannung von 10 V gewählt werden. 
Die Leistungsfähigkeit der Schaltung
Wie aus Tabelle 1 zu entnehmen ist, weist der   nahezu das 
theoretisch zu erwartende Verhalten auf, mit einer Zunahme 
des Dynamikbereichs um nahezu 6 dB für jede Vervierfachung 
des Downsampling-Faktors, wenn die ADC-Eingänge verbunden 
sind und der REF-Anschluss direkt vom LTC6655-5 getrieben 
wird. Noch etwas geht aus Tabelle 1 hervor: Wenn der ADC fast 
mit dem Endwert angesteuert wird, ist der SNR um ganze 7,8 
dB geringer ist als der Dynamikbereich, wenn der REF-Pin des 

ADC direkt vom LTC6655-5 angesteuert wird. Dies liegt am 
Rauschen der Referenz. Wird dagegen die Schaltung aus Bild 1 
zum Ansteuern des REF-Pins des LTC2508-32 verwendet, ergibt 
sich, wie der Tabelle zu entnehmen ist, eine Verbesserung des 
SNR um bis zu 6,1 dB.
Bei chopperstabilisierten Operationsverstärkern wie dem 
LTC2057 treten oftmals Töne auf, die bei der Chopperfrequenz 
und ihren ungeradzahligen Harmonischen liegen. Der LTC2057 
enthält spezielle Schaltungen, die diese Artefakte deutlich unter 
die Offsetspannung drücken. Zusammen mit dem integrierten 
Filter des ADC bewirken diese Schaltungen, dass sämtliche 
sichtbaren Töne aus der Chopperfrequenz des Operationsver-
stärkers beseitigt werden, wie das Diagramm des Grundrau-
schens in Bild 2 zeigt. Bild 2 gibt den Durchschnitt aus fünf 
Datenerfassungen wieder, um eine geglättete Darstellung zu 
erhalten und selbst kleinste Anzeichen etwaiger störender Töne 
deutlich sichtbar zu machen. 
Fazit
Die hier demonstrierte Filterschaltung reduziert das Referenz-
ausgangs-Rauschen, ohne dass Abstriche an der Genauigkeit 
oder dem Temperaturkoeffizienten gemacht werden müssen, 
sowie mit einer sehr mäßigen Zunahme der Stromaufnahme und 
der Kosten. Beim Anschluss des Ausgangs dieser Schaltung an 
den Referenz-Anschluss des rauscharmen 32bit-A/D-Wandlers 
verbesserte sich der SNR gegenüber der direkten Ansteuerung 
des ADC durch die Referenz um bis zu 6,1 dB, und dies über 
einen großen Bereich von Downsampling-Faktoren hinweg.
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With 500mVP-P input, the output is 1.5VP-P, or 0.75V 
max, or 0.53VRMS. With 50Ω, 500mV input leads 
to approximately 5.6mW delivered power. At 1VP-P 
input, the circuit delivers 22.5mW. Note that it helps 
that the LTC6261 output can swing close to rail-to-
rail with load.

The first build of this circuit in the lab produced a 
significant tone at a few hundred Hz. It turned out 
that the positive input was not well grounded as an 
“AC ground” over all frequencies because the voltage 
was not strongly pegged. The need to peg the voltage 
arises when using a single supply rather than a dual 
supply. With a single supply, VM is not ground, but 
rather a mid-rail voltage created to enable inverting 
topologies to work properly. The resistor divider that 
creates VM has large resistance values (for example, 
two 470k in series) to minimize additional supply cur-
rent. A large capacitor ensures a strong ground at low 
frequencies. Indeed, the addition of a large capacitor 
(1µF, which forms a pole with the 470k resistors in 
parallel) eliminated the mysterious distortion tone.

Figure 2. LTC6262 Bridge Driver THD and 
Noise with Different Loads vs Frequency

Figure 3. LTC6262 Bridge Driver THD and Noise 
with Different Loads vs Amplitude at 1kHz

Despite the low quiescent current, this driver delivers 
low distortion to a headphone load. At high enough 
amplitude, distortion increases dramatically as the 
op amp output clips. Clipping occurs sooner with 
more loading as the output transistors start to run 
out of current gain.

One significant concern in a portable device is bat-
tery drain. Music played loudly, or listeners’ musical 
choices affect the rate of battery drain. The end-use 
of a device is out of the designer’s control. Quiescent 
current, though, is not. Because much of a device’s 
time may be spent idle, quiescent current is significant, 
as it drains batteries continuously. The LTC6261’s low 
quiescent current increases battery discharge time.

Conclusion
The applications shown here take advantage of 
a unique combination of features available in the 
LTC6261 op amp family. The low quiescent current 
of these devices does not diminish their ability to 
perform at levels usually reserved for more power 
hungry parts. Rail-to-rail input and output, shutdown, 
and choice of package are features that add to their 
versatility. 
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Figure 2. Noise Floor of the LTC2508-32 near FS shows 
no spurious tones using the circuit of Figure 1 to drive 
the REF pin

age temperature coefficient of 0.015µV/ºC. This is 
significantly lower than the temperature coefficient 
of the LTC6655-5 (2ppm/ºC=10µV/ºC).

The LT6202 (U4) is a low noise, fast settling op amp 
with the high short-circuit current capability neces-
sary to drive the 47µF bypass capacitor required on 
the REF pin of the LTC2508-32.

The circuit of Figure 1 filters the output of reference 
(U2) using R2 and C3 to form a 0.8Hz filter. Capacitor 
C3 should be a film capacitor. Tantalum and electro-
lytic capacitors have high leakage that will produce 
an offset across R2. Ceramic capacitors can exhibit 
microphonic effects that result in increased noise at 
low frequencies. The filtered output is buffered by 
the high impedance input of U3. The 200pA max IB 
of U3 results in a maximum voltage drop of only 2µV 
across R2. This, combined with the LTC2057’s offset 
voltage, produces a maximum error of 6µV which is 
relatively insignificant compared to the LTC6655-5’s 
maximum initial accuracy spec of 0.025% (1.25mV). 
U3 and U4 form a composite amplifier that has the 
low offset, offset temperature coefficient and sup-
pressed 1/f noise of the LTC2057 and the fast settling 
of the LT6202. The REF pin of U1 draws charge from 
C1 that varies with sample rate and output code. U4 
must replenish this charge to keep the REF pin volt-
age fixed. R5 is used to isolate U4 from C1 to improve 
the settling at the REF pin. Physically larger ceramic 
capacitors with higher voltage and temperature ratings 
have lower voltage coefficients, providing a higher 
effective capacitance. For this reason C1 should be 
X7R with a 1210 size and 10V rating.

Circuit Performance
As shown in Table 1, the LTC2508-32 exhibits nearly 
theoretical behavior with the dynamic range increas-
ing by nearly 6dB for every factor of 4 increase in 
downsampling factor (DF) with the ADC inputs 
tied together and the REF pin driven directly by the 
LTC6655-5. Table 1 additionally shows that when the 

ADC is driven near full-scale, the SNR compared to 
the DR is as much as 7.8dB less using the LTC6655-5 
to directly drive the ADC REF pin. This is due to the 
noise of the reference. Using the circuit of Figure 1 
to drive the REF pin of the LTC2508-32 results in an 
SNR improvement of up to 6.1dB, as shown in Table 1.

Chopper stabilized op amps such as the LTC2057 often 
exhibit tones at the chopping frequency and its odd 
harmonics. The LTC2057 utilizes circuitry to suppress 
these artifacts well below the offset voltage. This 
circuitry combined with the ADC’s own filter works to 
eliminate any visible tones from the op amp’s chopping 
frequency as shown in the noise floor plot of Figure 2. 
The plot of Figure 2 is an average of five data captures 
in an attempt to smooth out the noise floor to reveal 
even the smallest trace of any spurious tones.

Conclusion
A filter circuit was demonstrated that reduces the refer-
ence output noise without compromising its accuracy 
or temperature coefficient while requiring only modest 
power consumption and cost. Applying the output of 
this circuit to the reference pin of the LTC2508-32, a 
32-bit low noise ADC improved the SNR by up to 6.1dB 
over a range of downsampling factors compared to 
driving the ADC directly with the reference. 
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Table 1. SNR Comparison of the LTC2508-32 with the REF Pin Driven Directly by the LTC6655-5 and the 
Filtered LTC6655-5 Using the Circuit of Figure 1

DF
DR (dB) Zero-Scale 

LTC6655-5
SNR (dB) Full-Scale 

LTC6655-5
SNR (dB) Full-Scale 
Filtered LTC6655-5 

Delta in SNR (dB) Between LTC6655-5 and 
Filtered LTC6655 at Full-Scale

256 131.4 123.6 129.3 5.7
1024 137.1 129.7 135.8 6.1
4096 142.9 135.2 140.7 5.5
16384 148.0 140.7 145.2 4.5

Tabelle 1: SNR-Vergleich des LTC2508-32 bei Ansteuerung des REF-Pins direkt durch den LTC6655-5 bzw. mithilfe der 
Filterschaltung aus Bild 1 

Bild 2: Im Grundrauschen des LTC2508-32 nahe dem End-
wert sind keine Störtöne erkennbar, wenn die Schaltung 
aus Bild 1 zum Ansteuern des REF-Pins benutzt wird. 
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Figure 2. Noise Floor of the LTC2508-32 near FS shows 
no spurious tones using the circuit of Figure 1 to drive 
the REF pin

age temperature coefficient of 0.015µV/ºC. This is 
significantly lower than the temperature coefficient 
of the LTC6655-5 (2ppm/ºC=10µV/ºC).

The LT6202 (U4) is a low noise, fast settling op amp 
with the high short-circuit current capability neces-
sary to drive the 47µF bypass capacitor required on 
the REF pin of the LTC2508-32.

The circuit of Figure 1 filters the output of reference 
(U2) using R2 and C3 to form a 0.8Hz filter. Capacitor 
C3 should be a film capacitor. Tantalum and electro-
lytic capacitors have high leakage that will produce 
an offset across R2. Ceramic capacitors can exhibit 
microphonic effects that result in increased noise at 
low frequencies. The filtered output is buffered by 
the high impedance input of U3. The 200pA max IB 
of U3 results in a maximum voltage drop of only 2µV 
across R2. This, combined with the LTC2057’s offset 
voltage, produces a maximum error of 6µV which is 
relatively insignificant compared to the LTC6655-5’s 
maximum initial accuracy spec of 0.025% (1.25mV). 
U3 and U4 form a composite amplifier that has the 
low offset, offset temperature coefficient and sup-
pressed 1/f noise of the LTC2057 and the fast settling 
of the LT6202. The REF pin of U1 draws charge from 
C1 that varies with sample rate and output code. U4 
must replenish this charge to keep the REF pin volt-
age fixed. R5 is used to isolate U4 from C1 to improve 
the settling at the REF pin. Physically larger ceramic 
capacitors with higher voltage and temperature ratings 
have lower voltage coefficients, providing a higher 
effective capacitance. For this reason C1 should be 
X7R with a 1210 size and 10V rating.

Circuit Performance
As shown in Table 1, the LTC2508-32 exhibits nearly 
theoretical behavior with the dynamic range increas-
ing by nearly 6dB for every factor of 4 increase in 
downsampling factor (DF) with the ADC inputs 
tied together and the REF pin driven directly by the 
LTC6655-5. Table 1 additionally shows that when the 

ADC is driven near full-scale, the SNR compared to 
the DR is as much as 7.8dB less using the LTC6655-5 
to directly drive the ADC REF pin. This is due to the 
noise of the reference. Using the circuit of Figure 1 
to drive the REF pin of the LTC2508-32 results in an 
SNR improvement of up to 6.1dB, as shown in Table 1.

Chopper stabilized op amps such as the LTC2057 often 
exhibit tones at the chopping frequency and its odd 
harmonics. The LTC2057 utilizes circuitry to suppress 
these artifacts well below the offset voltage. This 
circuitry combined with the ADC’s own filter works to 
eliminate any visible tones from the op amp’s chopping 
frequency as shown in the noise floor plot of Figure 2. 
The plot of Figure 2 is an average of five data captures 
in an attempt to smooth out the noise floor to reveal 
even the smallest trace of any spurious tones.

Conclusion
A filter circuit was demonstrated that reduces the refer-
ence output noise without compromising its accuracy 
or temperature coefficient while requiring only modest 
power consumption and cost. Applying the output of 
this circuit to the reference pin of the LTC2508-32, a 
32-bit low noise ADC improved the SNR by up to 6.1dB 
over a range of downsampling factors compared to 
driving the ADC directly with the reference. 
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Table 1. SNR Comparison of the LTC2508-32 with the REF Pin Driven Directly by the LTC6655-5 and the 
Filtered LTC6655-5 Using the Circuit of Figure 1

DF
DR (dB) Zero-Scale 

LTC6655-5
SNR (dB) Full-Scale 

LTC6655-5
SNR (dB) Full-Scale 
Filtered LTC6655-5 

Delta in SNR (dB) Between LTC6655-5 and 
Filtered LTC6655 at Full-Scale

256 131.4 123.6 129.3 5.7
1024 137.1 129.7 135.8 6.1
4096 142.9 135.2 140.7 5.5
16384 148.0 140.7 145.2 4.5
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