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Low-Voltage, Low-Power Amplifiers

National
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Low-Voltage low-power amplifiers have a rich tradition at National Semiconductor. More than 20
years ago Bob Widlar designed the LM10. This amplifier will work down to 1.1 volts, making it the
lowest voltage amplifier we make today. Bob was an iconoclastic genius and contributed to many
great designs at National. Today we are continuing his legacy by making entire classes of products
that work at low voltages—below 5 volts and approaching 1 volt. Low-power amplifiers are another
National specialty with several amplifiers in the portfolio that draw a few microwatts of power. Still
other amplifiers draw more power in order to get the speed needed (a fundamental tradeoff) but these
amplifiers have a shutdown function so they can be disabled when they are not being used, allowing
overall system power savings.



Lowest Voltage Amplifier National
Makes Today. |
o em e ¥ %i é“’

*Maximum supply voltage Is 40 Volts
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In order to appreciate what a great designer Bob Widlar was, we can review some of the specs of his
LMI10. First, and most remarkable, it is still the lowest voltage amplifier we make, working down to
1.1 volts. Equally astonishing, the part also will work with a supply as high as 40 volts. This allows
the part to be used in older industrial systems that have +/- 15 volts supplies. The supply current is
270 microamperes. Anything under a milliampere is considered low-power. A part operating on 1.1
volts with a conventional output structure would have essentially no swing since each output
transistor needs 0.6 volts for the base-emitter drop so Bob equipped the part with a rail-to-rail output
stage so that the outputs can get to 20 millivolts of the rails. The part does not have rail-to-rail
inputs, however the inputs can go all the way to ground much like the classic LM324 amplifier. In
order to provide a full-service analog building bock, the part has a decent 200 mV band-gap
reference as well as a buffer amp for the reference.



A micro micro micro Power Sensor
Amplifier
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This circuit uses an amplifier that draws a little more current than some we make. It achieves its low
power consumption by using the shutdown function of the amplifier to only enable the circuit for a
relatively small time before going back to “sleep” R1 slowly charges C2 with a time constant of 100
seconds. Since the “SL” pin is strapped high, the shutdown pin turns on 1.5 volts below the top rail,
or at 3.5 volts. Both the timing and the sensor amplifier turn on at this time. The Ul amp output is
low and remains so until C2 charges to within 5% of the top rail by virtue of the 10M/500K set-point
created by R2 and R6. At this time amp Ul switches high. R3 limits the charging current into C1
and slows the response down a little. Q1 turns on as C1 is charged up past the MOSFET’s threshold
voltage of 2.1 volts. Since the FET switches in the 1M resistor across C2 the timing amp, Ul has
enough time to fully charge C1 to 5 volts. This charge is held on the gate of Q1 even as the voltage
on the shutdown pin drops below the hysteresis level inherent in the part’s design. As both parts are
put into shutdown the output of Ul goes high-impedance. Because the FET must turn off for C2 to
charge back up again, there is a bleed resistor R4 that slowly dissipates the charge on C1, creating
another long time-constant that keeps the circuit in low-power mode. After Q1 is sufficiently turned
off, C2 can begin charging up again, repeating the process.



Photodiode Comparator Application
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This application uses a low-power comparator, the LMV7219, to sense the output of a photodiode
amplifier. Infra-red light falls on the photodiode D1, generating reverse bias current. The R1/R3
ladder creates a 0.3 volts reference level at the inverting input. Consequently, when the photodiode
reverse current reaches 0.6 microamperes the comparator switches. The fundamental limitation of
this circuit relative to the other photodiode amplifiers in this seminar is speed. Since the photodiode
is not looking into a virtual ground the voltage across it is changing as the photo-current changes
across R2. The capacitance of the photodiode fights this changing voltage and limits the speed the
circuit can toggle at. This simple circuit can be useful when there is a controlled IR source and
speeds are under IMHz. The 1.1 milliampere supply current of the LMV7219 is fairly low
especially in view of the 7 nanosecond propagation delay but may be too high for battery powered
circuits. Other lower-power, lower-speed comparators could be substituted.



A Bus-output Measurement System
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Amplifiers with shutdown functions can be bussed together and a particular amplifier can be invoked
with a digital command. Insure the amplifier has tri-state outputs like the LMV715. The LMV712
has a shutdown function but the output is driven to the bottom rail (usually ground) when in
shutdown mode. A serial to parallel chip can be used or in this case, a ‘259 latched decoder run in a
mode that does not use the latch function. Since the output of this decoder is a high level, unlike the
HC138, it can directly connect to the amplifiers, saving an inverter chip. Remember that there will
be a finite time for the output of the amplifier to become valid depending on the circuit and worse
case slew considerations, how far the amplifier has to slew before the loop closes and the output is
valid.

New Low-Voltage Low-Power Amplifiers

Bipolar Input

LMV321/358/324 2.7V Low Power

LPV321/358/324 10u4 Low Power

LMV821/822/824 High Performance

LMV721/722 Low Noise

LMV931/932/934 1.8V R-to-R I/O

LMV981/982 1.8V R-to-R I/O W/SD

LM8261/8262 2.5V, R-to-R I/O High Output Current Drive
CMOS Input

LMV771/774 ImV Precision

LMV301 1.8V Single

LMCS8101 2.7V R-to-R I/O W/SD in micro SMD

LMV341/342/344 2.7V 100ud R-to-R O W/SD
LMV710/711/715 1.8V R-to-R 1/O W/SD High Output Current Drive
LMV712 Dual Version of LMV'711 with Independent SD
LMV751 7nV/rtHz Low Noise
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Rail-to-Rail Input Architecture

* Charge Pump.

* Dual input.
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Low voltage amplifiers are often made with rail-to-rail input stages. These stages allow the inputs to
work as long as they are kept within the supply rails. There are two fundamental ways to achieve
rail-to-rail inputs in an amplifier. The first is to add an internal charge-pump circuit to the part such
as shown in the left figure. The currents are low enough on the first stage that the charge pump
capacitor can be internal. The charge pump doubles the supply voltage. This allows the use of a
conventional PNP input stage like the ubiquitous LM324 uses. This stage is always good to the
bottom rail. By powering it from split supply voltage the PNP bases can also be brought to the top
rail. The disadvantage to this type of rail-to-rail architecture is that the switching noise of the charge
pump may appear at the output of the part. The switching inside the charge pump also consumes
power that will increase the supply current.

The second type of rail-to-rail input stage uses a dual input stage. One of the stages can work down
to the bottom rail (the PNP stage) and one can work to the top rail (the NPN stage). There needs to
be a control stage that smoothly switches the stages as the signal gets close the rail. In general the
PNP stage is used for input voltages close to the bottom rail all the way up to about a volt below the
top rail. The control section transitions the active input to the NPN stage so the input signals can go
to the top rail. The inputs can often go a little beyond the rail, to almost a diode-drop. This means
the inputs of a rail-to-rail input stage with this architecture can go from a half-volt below the bottom
rail to a half volt above the top rail. The reason the transition is not at the mid-point between the
rails is because the stages do have different offsets and other parameters and many operational
amplifiers are used with small signals right at half-supply. By having the transition between the
stages be a volt below the top rail, the part has consistent parametrics around mid-supply.



Rail-to-Rail...Input Stage
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This is a detailed view of a representative rail-to-rail input stage of the dual input type. One can see
that one stage uses a pair of differential PNP transistors and the other uses differential NPN
transistors. It is important to note that this type of amplifier has two different sets of input
parameters depending on which differential pair is active. As explained earlier, the usual setup is for
the PNP pair to do the work until the common-mode voltage gets to about 1 volt below the upper
supply rail. Then control is passed to the NPN stage, which operates the rest of the way to the upper
rail. Since there are two different differential pairs it should be obvious that there will be two
different offset voltages for the amplifier, depending on the common mode value of the input pins.
Small signal bandwidth and other AC parameters are also different for the two. If the amplifier is
used to buffer an input to an A-to-D converter one must be aware of the offset error change as the
part transitions between input stages.



Rail-to-Rail...Output Stage
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Conventional output stages have a voltage-follower totem pole output, with an NPN transistor on top
and a PNP on the bottom. The problem with this is that even if the internal circuits in the amplifier
could bring the bases of these output transistors to the supply rail, the Vi diode drop from the base
to the output means that the output can never be driven closer then 0.6 volts to either rail. By
flipping the transistors around, as Bob Widlar did in the LM10 in 1978, the base drive problem goes
away. The bias network becomes far more complicated but that is inside the part and National’s
problem, not yours. If you remember your transistor physics you may know that the saturation
voltage (the maximum “on” condition) of a transistor is about 0.2 volts. This means that a rail-to-rail
output still can never really reach the rails. It can get even closer then 0.2 volts when using DMOS
FET transistors, since they are resistive in the on state, but even then, as soon as you draw current out
of the part, the a voltage drop will be created that pulls the output away from the rail. A special
problem should be noted at this juncture. If the rail-to-rail input is actually at either rail and the part
is configured as a voltage follower, the output will never be able to reach the rail.. This means that
the feedback loop stops working and the amplifier does everything it can to try and bring the output
even closer to the rail. “Doing everything it can” means that the amplifier will start shoveling base
current drive into the associated output transistor. Most amplifiers are designed with clamp circuits
around this base drive so that base current does not become excessive but you can see from the
diagram that this base current is not delivered to the load like with a voltage follower stage. It is
sourced or sunk into the respective rail. One should be aware that when a part is driven so hard that
the loop can’t close, the supply current will go up until that base-clamp circuits kicks in. This might
explain why your micro-amp class amplifier is sucking up a few milliamperes when the output bangs
against either rail.



Rail-to-Rail Outputs...Definition

So can a rail-to-rail output
REALLY ever reach the rail?

Does this mean
semiconductor companies
are all a bunch of liars?

(Hint: Marketing people are
involved.)

Definition: Rail-to-Rail outputs simply means
closer than 0.6 volts (and that’s all it means)
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Now that we’ve explained that rail-to-rail outputs really can’t reach the rail you might wonder why
they are called rail-to-rail and not close-to-the-rail amplifiers. Well, the marketing people got
involved that’s why. And not National’s marketing people. The entire industry has adopted this
nomenclature. You have to admit that “rail-to-rail” sounds a lot better then “close-to-the-rail”. And
the performance implied by rail-to-rail is not necessarily the same either, as we noted with the
DMOS versus bipolar output transistor issue. So what does rail-to-rail mean? All that can be said
generically is that “rail-to-rail” means that the outputs can get closer then 0.6 volts to the rails.
Sometimes it can get a lot closer but it can never reach the rail. And remember, just because the
inputs may work when they are a half-volt past the rail, there is no magic that can make the outputs
get past the rail. (Unless you add a pull-up resistor! Cheater!)



Who Really Needs Rail-to-Rail Inputs?

* You rarely need a rail-to-rail input amplifier

What is the fundamental application where you do?

eThe Buffer

Nati l
N Se:zic:nzVthor The Art of Analog 12

Our applications manager has a valid conjecture concerning rail-to-rail input amplifiers. His
conjecture is that: “Rail-to-rail inputs are rarely needed”. Think about a system with any appreciable
gain, say, a gain of two. Well, the inputs will only have to go one-half the excursion of the rail-to-
rail voltage in order to drive the outputs all the way to the rail. And any inverting amplifier has the
input pins biased up at one place, usually mid-supply, and certainly won’t need the inputs to go
anywhere near either rail. Remember, there are many amplifiers that can work to either the positive
or negative rail. If you wanted to sense current high-side or low-side you could use one of these with
no problem. In fact there is only one application that can really take advantage of the rail-to-rail
input: The non-inverting voltage follower, also known as a buffer. Here the plus pin (and the minus
pin if the amplifier is working) will be swept across the entire range of supply voltages. This is most
commonly used when needing a low impedance input to an A to D converter or when buffering a
DAC to give an output that can swing from rail to rail.



Things That Can Go Wrong

e Different pin-outs

e Power supply sequencing
eLatch up
ePower through ESD diode
*Slow power-up or power-down

e Temperature issues
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Every designer wants to know the “gotchas” of designing with a given parts family. As most of us
have learned, analog design is full of “gotchas”. Low-power, low-voltage parts have their own
peculiarities. One of the most basic is that there are different pin-outs for the small packages such as
SC70 and SOT23. The proliferation of micro SMD (solder-bump) packages will only make this
worse. Another headache is the sequencing of the power supply, how the power is applied relative to
the input signals. A final concern is temperature. We’ll assume you know the issues of high
temperatures, especially with theses tiny packages that can not dissipate anywhere near the power of
a DIP or SO package. There are also problems that can occur at cold temperature. Stability suffers
and the common-mode range or output drive can suffer. The following few slides details these
problems and explains what National is doing to help you.

1-13



Watch Those Pin-Outs!

There are FOUR SC70/SOT23 pin-outs possible.
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Since low-power and low-voltage amplifiers are often used in handheld applications, these amplifiers
are offered in very small packages. SOT23 and SC70 are two common package sizes used by many
manufactures. Unlike DIPs and the SO8 package, there is no standard pin-out for the SOT23 and
SC70. This can make selecting substitutions for existing applications difficult. This slide shows the
4 different pin-outs National uses. Note the two parts on the bottom of the page have seemingly
identical pin-outs until you notice that the power pins are reversed. Also note that Texas Instruments
has a part called the TL331 that is in a different pin-out then National’s LMV331. The TI part is a
comparator; the National part is an amplifier. All this means you have to be very careful when
substituting parts intended for an SOT23 or SC70 package. Having the same specs is not sufficient,
you have to insure the pin-outs are the same. There is an equally diverse set of pin-outs possible in
the micro-SMD package. What’s worse is that the footprint for these die-size packages may be
different—the center-to-center distances between the solder bumps is a function of the die layout, not
any formal industry standard. )
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As power conservation becomes more and more important many electronic systems utilize power
management schemes that turn off various sections of the circuitry until they are needed. This is
reasserting the need to understand power supply sequencing issues. In general it is desirable to first
make sure the part has a suitable ground, then apply power to the part, and then activate the input
circuitry that presents voltage to the input pins. Now the ground side is usually pretty easy, most
times it can just be left connected. Applying power is straightforward too, although sometimes
applying the power too fast or too slow can cause problems. The real headache is often insuring that
there is no voltage on the input pins until after power is applied. There are three common
consequences of having energy on the inputs when power is applied to the amplifier. Latch up is
primarily an issue with CMOS amplifiers. The other two, power delivery through the ESD diode and

Power Supply Sequencing

e Latch-up
* Power delivery through ESD diode

* Unstable/unpredictable outputs on power-up or power-

down

Engineer with bad Engineer with good
Supply sequencing Supply Sequencing
e The Art of Analg 15

unstable outputs, can plague any type of amplifier.



Latch-Up
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Latch up occurs when the P-N junctions between transistors and the die substrate they are laid out on
create a parasitic SCR device. As you may remember, SCRs are four layer (PNPN) devices that
once triggered, stay on until power is removed. You can see from the diagram of the interconnected
PNP and NPN transistor above that once any current begins flowing in the base of either transistor
the current will self generate and latch the structure “on”. The current usually stops when the bond-
wire melts or the part explodes. This is primarily a problem in CMOS parts. Bipolar parts rarely
exhibit latch up and dielectrically isolated processes that put each transistor into their own little glass
tub (such as our VIP10 process) also are impervious to latch up. If you can limit the current into the
input pin you may be able to prevent latch up with CMOS parts. Try putting a high-value resistor in
series with each input pin. Be sure to evaluate the circuit over temperature and supply variations as
well as supply turn-on speed to insure that latch up won’t occur. You can also limit the current into
the power supply pin but that will not prevent the latch-up, it will only save the part from destruction.
In order to get the part to work, power will have to be removed from the supply pins and the inputs
and then the part turned on again.



Power Delivery Through ESD Diode

Power is distributed to the whole board.

//,,w,er supply As well as the amplifier with the input.
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This slide shows a problem that can affect any amplifier from any manufacturer. All modern
amplifiers have a pair of ESD (Electro-Static Discharge) diodes on every pin. These diodes protect
the delicate internal circuitry of the part from static discharges in handling and assembly. If the
discharge is positive into the input pin shown, the high side diode conducts the energy to the positive
rail and if the discharge is negative the low-side ESD diode is forward biased and clamps the input
pin to the bottom rail. In this fashion all the pins are clamped to values no further than 0.6 volts from
the supply pins. Looking at the diagram above one can see that having a low-impedance voltage on
one of the input pins when power is turned off to the amplifier is sure to cause problems. The ESD
diode on the input pin will conduct and the input will be connected to the supply pin by a diode drop.
That is why it is low impedance inputs that cause a problem. If there were a meg-ohm resistor
hooked to the pin, there would be enough to current available to forward bias the ESD diode but 3
micro-amperes of current isn’t going to power up very much of anything. Now imagine that some
input is directly connected to a battery. That low impedance source can deliver plenty of current.
Enough current to forward bias the diode and then flow into the entire power node of the board,
powering up the whole system. If enough current flows (100 milliamperes or so), the ESD diode will
melt and short out, ruining the part. As with latch-up, the solution is to add series resistance to the
input pins to insure that the there is not enough current available to power the system through the
ESD diode. The ESD diode can take tens of milliamperes of current but it is usually more of a
problem that current is being wasted. If at all possible, try to insure that everything in the circuit,
power as well as inputs, are disabled by the power management scheme. If something is drawing
power you can’t explain, this is a good place to look first.



Unstable | Unpredictable Outputs on
Power-up or Power-down
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The above slide shows the problems that can occur if the power comes up too slow in a system.
When amplifiers are below their specified voltage there is no guarantee what the outputs will be
doing. Very often the outputs will oscillate mildly or bang into the rails until the amplifier reaches
some minimal voltage. If this output is hooked to something critical, that critical function won’t be
stable until the power is established above the minimum need by the amplifier. You may make the
best slitter-degutter in the entire cattle industry, but please insure it doesn’t start slitting and degutting
until it is supposed to. It should be noted here that supplies that come up too fast can sometimes
cause problems. The fast rise-time may couple to the output and cause a problematic glitch. In all
cases be sure the amplifier is tested in a system that uses the same power system as in production.
There are many stories of disasters that occurred because the analog system was developed and
tested with laboratory power supplies and then things go very wrong when they are hooked to a
noisy soft-starting switcher in the real product.



Temperature Issues

e Watch those low temperatures
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Most system-level designers regard high temperatures as the enemy. We all know that getting a part
too hot will waste power, cause performance to suffer and ultimately, melt the part. You should also
realize that semiconductor physics is not kind at cold temperatures either. With regards to transistor
physics, one of the disturbing things that happens is the Vg voltage goes up as the temperature goes
down. If the V of the transistors is 1 volt it’s going to be pretty hard to design a part to work at a
power supply voltage of 1.2 volts. There can also be stability issues at cold temperatures.
Oscillations can form into moderately difficult (i.e. capacitive) loads that don’t show up at room
temperature. There is a reason the charts section of the datasheet has charts that deal with
temperature effects. Be sure to test and evaluate the system at low temperatures as well as high.



Power Supply Sequencing Summary

* Power supply sequencing:
VIP10 and Bipolar devices resist latch-up

Input pins cannot exceed absolute maximum
ratings.

Inputs cannot exceed common-mode range,
differential input voltage, or current

Outputs may generate undefined voltages
until the supply reaches the minimum
operating voltage

Shutdown function means no power-down

Apply input signals only after supply rails
have been applied

Nati !
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Most of you know National’s web site sets the standard for the entire industry. Our manufacture of
LAN chips spurred our early adoption of intranets and it only followed that our internet presence
would be world-class. When sifting through product data the National web site can help you call up
the information such as pin-outs and package options in a speedy and accurate way. Power supply
sequencing issues can be ameliorated by our VIP10 process as well as our other bipolar processes.
You can utilize our parts having the shutdown function to allow power to be present at the amplifier
to minimize latch-up and ESD diode power delivery problems. We specify our low-voltage parts at
several voltages that can indicate the stability of the output as the power supply comes up. We
specify most of our parts at —40 degrees C which can assure you of the part’s functionality at severe
low temperatures.
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Defining a Precision Amplifier

*How accurately is a signal scaled?
—High open loop gain
— Low offset voltage
— Low offset voltage drift
—High CMRR
—High PSRR
—Low input bias current
— High GBW for wide-band signals

National
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Precision amplifiers accurately process a signal while buffering, scaling or filtering it. In general,
Precision has been interpreted as “good” DC specifications, such as low offset voltage, low offset
drift, etc. Some applications will also require precision AC characteristics.
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OP Amp Error Sources

€id = :1%007 +Vos+(Is.)(Rs )+ (Is-)(Rs -)+ Ceﬁk—

* Major input referred error sources of an Op Amp
e,q = 0 for ideal Op Amp

* Precision requires Error terms to be small relative to
the signal being processed.

* Do not forget about frequency.

National
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This equation considers the major contributors to errors in op amps. The value “e,;” is the voltage
between the two inputs of the op amp and is equal to zero if the op amp is ideal.

The first term, e /Ay , results from the finite gain of the amplifier. There must be a small
differential voltage across the input to produce an output voltage. For example, if the output of an
amplifier is 1.0 volts DC and the open loop gain is 100dB the error voltage across the inputs is 1/10°
=10 puv

The second term, input offset voltage or Vg , is a result of small imbalances on the differential input
stage of the amplifier. The input offset voltage is also multiplied by the noise gain of the amplifier
with its feedback. At high gains the V,q can become a large offset error.

The third and fourth terms result from the input bias currents in conjunction with any source
resistance. Any current flowing into the amplifier’s input will cause a voltage drop across the source
resistance of (I x Rg) This has two effects. The first is to generate an apparent offset voltage at the
input to the op amp if the equivalent source impedances on each input are not equal. The second is to
add an error voltage to the signal that changes its apparent magnitude.

The last term brings in the effect of the common-mode voltage seen by the amplifier’s input. The
common mode voltage, e, , is defined as the average voltage on the amplifier’s inputs, (e, +¢)/2 .
For example, if the common mode voltage is 1 volt and the CMRR is 80db, the error on the
amplifier’s input due to the common mode voltage is 1/10* = 100 pV

Each of the above error sources needs to evaluated with respect to the specifications of the amplifier
being considered.

As the frequency of the signal increases the Open loop gain AVOL and the CMRR will roll off with
increasing frequency.
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Precision Op Amps

*LMV2011

— Chopper stabilized
*LMV771

— Low offset, Low noise, High drive
*LMH6624/26

—Low offset, 1.5 GHz GBW

National
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Three recent additions to National’s precision amplifiers are the LMV2011, LMV771, and the
LMH6624 and LMH6626.



Precision Amplifiers

LMV2011 LMV771 LMH6624/26
Vos 3uVv 250uv 250pVv
TCVos 0.015uV/°C 0.35uv/°C 0.25uVv/°C
Long-Term | g 445,v/month NA NA
| TCVos Drift
CMRR 130dB 90dB 90dB
lsias 3pA 0.23pA 13uA
Ayn 130dB 100dB 79dB
GBW 4MHz 3.5MHz 1.5 GHz

National
Semiconductor
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The LMV2011 is a MOS input chopper-stabilized amplifier offering near zero offset voltage and
offset voltage drift. The LMV2011 is available in singles, dual (LMV2012) and quads (LMV2014).

The LMV771 is a MOS input op amp which is designed to provide low offset voltage and low offset
voltage drift and good output drive capability.
The LM6624 and LMH6626 are bipolar-input, laser-trimmed, low-noise, wide-bandwidth amplifiers
that are available in singles and duals.



Almost Zero Offset Voltage
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A1 VOUT
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Chopper stabilized amplifiers have been available in various forms for many years. While they did
remove most of the offset voltage, there was low frequency noise added to the signal of interest. The
LMV2011 makes use of several patented topologies that eliminate any additional low frequency
noise from the signal.

Referring to the block diagram of the LMV2011 above: The LMV2011 is a chopper stabilized
amplifier which uses active input offset voltage compensation to achieve very low offset voltage and
offset voltage drift. The amplifier Al is the is the signal path amplifier while amplifier A2 is the
offset correction amplifier. The input offset voltage of amplifier Al is chopped into an AC signal by
the switch arrangement at the input of A2. The The chopped offset voltage is amplified by A2 and
de-chopped by the switch arrangement on the output of amplifier A2 and filtered by the lowpass
filter. The filtered offset voltage correction signal is used to subtract the offset voltage present in Al.



Voltage Identification
on PC Microprocessors

Recent VID4 |VID3 |[VID2 |VID1 |[VIDO |Vcc Core
Microprocessors 0 0 1 0 0 1.050
have a core 3 0 0 1 1.075
voltage specified 1.100
by the 0 0 0 1 1 .
manufacture 1 0 0 1 1 1.125
Based on its 0 0 0 1 0 1.150
core design,
speed grade and
revision level. .

0 0 1 1 0 1.750
Example 1 0 1 1 0 1.775
specification 0 0 1 0 1 1.800

1 0 1 0 1 1.825
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The x86 microprocessors from AMD and Intel use a group of five pins to define the operating supply
voltage required by it. The group of five pins, known as the “Voltage Identification” or “VID” pins
are used to set the voltage of the voltage regulator on the mother board. This allows the computer’s
motherboard to support several versions of the microprocessor. The range of adjustable voltages and
resolutions with in the section range are determined by the requirements of a specific family of
microprocessor. The table shown above shows an adjustment range of 0.775 volts, 1.050 to 1.825
volts, and a resolution of 0.025 volts. The current required by the microprocessor is in the range of
35 to 60 amps. The motherboard design for these microprocessors typically use a multiphase
switching regulator on the motherboard with the voltage set by the VID pins from the
microprocessor connected to the VID input pins on the switching regulator controller. Several of the
features these chips have are remote sensing of the voltage output and on chip voltage reference with
areference voltage divider.

There are situations in which tighter tolerances of the output voltage are required, initially and over
temperature. In other situations a different range of output voltages is desired. Many of the
multiphase switching regulators available have pins that provide for an external remote sense
amplifier and external voltage reference. These pins give the designer several additional degrees of
freedom when designing the switching regulator.



LMV2011
Switching Regulator Enhancement

Up to Four
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LMV2011
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LM4050 ViD
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The microprocessor supply voltage tolerances have become key parameters in maintaining correct
operation of the microprocessor, and there may be a requirement to regulate the output voltage to
tighter tolerances. The tighter tolerances required may not be met by the voltage reference and
remote sensing circuitry integrated on to the switching regulator controller. Most of the multiphase
switching regulator controllers have pins that permit the use of external reference voltages and sense
amplifiers. :

In the circuit above the LMV2011, a chopper-stabilized amplifier, is used to provide a near-zero-drift
remote-sense amplifier, error amplifier and a voltage reference. The voltage reference, LM4050, can
be used to provide a higher quality reference or a different value of reference voltage. Amplifier Al
is being used as a zero drift error amplifier. The amplifier A2 is configured as a differential amplifier
for feeding back the actual voltage at the at the load. Remote sensing compensates for the voltage
drops in the wiring connecting the regulator’s output to the load.The next slide has additional
details.

A second use of the external amplifiers and voltage reference is to change the preset voltage range
and resolution of the VID control pins. For example, the gain of the remote sense amplifier with a
value different than 1 will scale the output voltage by the reciprocal of the gain. Likewise, the
external voltage reference’s value can be used to change the range and resolution of the output
voltage.



Remote Sensing Amplifier

Wiring Resistance

ouT

Voltage Source

Remote
LOAD
Voltage Sense e »

T
1 Ground Path Resistance

LMV2011 | J
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There are measurement and control situations in which the voltage across a load, or the current
through a load, must be controlled very precisely. For example, in the previous slide the voltage is
programmed in 0.025 volt steps. Continuing with the the example from the previous slide.

The load is a P4 or Athlon microprocessor requiring a current of 50 amps. In the schematic above
the connection from the power supply to the microprocessor has some resistance in the path from the
power power supply and there is some resistance in the ground return path. If the combined
resistance in these paths is a relatively small 0.001 Ohms the voltage drop in the paths is VDROP =
0.001 x 50 = 0.050 volts. This voltage error is twice the size of the required resolution of 0.025
volts. An additional error will result when the wiring is heated by the power dissipation in it.

To compensate for the wiring losses a remote sensing amplifier is used to measure (sense) the
voltage directly at the load. In the above schematic the LMV2011 is configured as a differential
amplifier to feedback the actual voltage seen by the load minus any wiring voltage drops. The actual
VOUT of the Voltage source is regulated to a value equal to the voltage required by the load plus the
voltage drops in the wiring. In the above example, the LMV2011 with its near zero offset voltage
and offset voltage drift, makes an excellent remote sensing amplifier.



Complete Sensor Bridge Interface

At

LM4140

A1-A4= LMV2011

R1 aR1

Measurement
Bridge

w VOUT
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Bridge based transducers are used in a variety of measurement instruments. The signal level from
Bridges are typically low level ranging from several hundred microvolts to a few millivolts. The
excitation voltage must be stable since changes in the excitation voltage can be interpreted as a
bridge measurement signal. The circuit shown here address both of these issues.

The bridge excitation voltage uses a LM4140 voltage reference that has a 0.1% accuracy, and more
importantly, a drift specification down to 3 PPM per degree C. This reference, in conjunction with
the chopper stabilized buffer, A1, provides an ultra stable excitation voltage for the Bridge.

There are four key parameters for good performance of the bridge amplifier:

The output signal from the sensor bridge is combined with a common mode voltage. In many types
of instruments the common mode voltage is about half the excitation voltage with the measurement
signal as a small difference voltage between the legs of the bridge. These requires a high common
mode rejection ratio (CMRR) to minimize the error introduced by the common mode voltage.

The input offset voltage and input offset voltage drift must be small compared to the differential
signals from the bridge.

The input bias currents of the amplifiers must be small compared to the current flowing in each leg
of the bridge.

Amplifiers A2, A3, and A4 are used to construct an instrumentation amplifier to meet the
requirements listed above. The total gain for this configuration is Ay, = (1+ 2R,/bR,)(aR,/R)



pH Electrode
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The pH electrode is used to measure the pH of a solution. The graphs above show the physical
relationship between the pH of a solution and the output voltage of the pH electrode and its
temperature dependence. The source impedance of the pH electrode is typically 10° Ohms to 107
Ohms. For most practical uses the pH electrode must be buffered before driving the cable to the
measurement instrument. Additionally, to obtain an accurate measurement of pH the temperature of
the pH electrode must be known.
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LMV771 pH Electrode Buffer
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In the application shown above the LMV771 is used to buffer the pH electrode while operating from
two 1.5 volt batteries. The LMV771 has MOS input transistors with, typical input bias current of 0.1
pA and provides an excellent high input impedance for the pH electrode. The LMV771 has good
output drive capability for transmitting the signal down the wire. The precision temperature sensor,
LM61, will provide the temperature of the pH electrode. With this combination an accurate,
temperature-compensated pH value can be measured.



LMH6624/26

*Low offset voltage and wide bandwidth
— Ultrasound amplifiers
— Scintillation amplifier

—Medical imaging

National
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Several types of industrial and medical instrumentation require the accurate processing of high-speed
signals prior to analog to digital conversion. The LMH6624 is a single amplifier and the LMH6626 is
a dual amplifier. with good DC specs and a wide bandwidth.



Radiation Spectroscopy
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Radiation spectroscopy is the measurement of the distribution of energy emitted from a radiation
source. The source radiation may be particles, x-rays or gamma rays. The radiation strikes the
scintillation crystal and emits a short burst of light in which the intensity is proportional to the
energy. The light is converted to a current and amplified by a photomultiplier tube.
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Single Channel Analyzer
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In the application above, the LMH6624 is is used as the preamplifier and current to voltage converter
for the output of the photomultiplier tube. The circuit above represents a single channel analyzer
used in basic radiation spectroscopy. The pulse amplitude of the signal contains the information of
interest so a low input offset voltage and offset voltage drift is important. The wide bandwidth
provides the fast response to process the pulse which can be which can be as short as several
nanoseconds.
The feedback resistor in the schematic above can be calculated as follows:

R1 = (Full Scale e, ,)/(Max I,,,) ; R2=RI1
The output of the preamp makes its way to a pulse height analyzer, for example a fast A/D converter,
to measure and bin the number of occurrences of each peak value. The distribution is the spectrum
for that particular source.



Spectrum for Cs-137

Cs-137 Spectrum
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The graph above represents the spectrum of a Cesium 137 source.



Precision Amplifiers

Precision amplifiers are required in
a wide range of instrumentation to
maintain fidelity to the original

signal of interest

National
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Op Amp Architectures

Voltage Feedback Current Feedback

|+

NS

* Both Inputs are High Impedance * Positive Input is High Impedance
» High Forward Voltage Gain A, (V/V,) * Negative Input is Low Impedance
+ Low Output Impedance * High Forward Transimpedance Gain Zy, (V/I,)
« Error Signal is Vd * Low Output Impedance
« Constant Gain x Bandwidth Product + Error Signal is In
< Bandwidth Independent of Gain (almost)
(Viational The Art o Andog

Here is a brief summary of the differences between voltage and current feedback op-amps. Voltage
feedback op-amps employ a differential pair configuration such that the impedance at each input is
high. The inputs of a current feedback (CFB) op amp are unbalanced as seen in the schematic on the
right. The non-inverting input exhibits the high impedance normally associated with the voltage
feedback (VFB) op amp. However, the inverting input of the CFB present a low impedance to the
outside. This is because there is a unity gain buffer between the negative and positive inputs to the
CFB. We shall see in the following foils that the error signal employed is also different. The error
signal for the VFB is the delta voltage between the inverting and non-inverting inputs. The error
signal for the CFB is the current IN flowing into or out of the non-inverting input. This characteristic
accounts for the name, current feedback op-amp. A performance characteristic associated with this
topology is the situation that the bandwidth of the amplifier is independent of the gain of the device.
This contrasts with the VFB amplifier whose gain-bandwidth product is constant. This familiar
curve slopes downward to the right for the VFB, as will be seen. Although the execution in internal
circuitry is different, from the user viewpoint either may be used in the vast majority of applications.



VFB Amplifier - Feedback Activity
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This foil reviews the feedback action of the VFB op-amp. Seen in the input stage circuitry are, from
top to bottom, a current source of magnitude 2Ie, a differential pair Q1 and Q2, and a current mirror
formed by Q3 and Q4 such the the current Icl is mirrored to Q4 causing both Icl current and Ic2
current to appear at the collector of Q4. The polarities are such that the delta current (Ic1-Ic2)
appears as the input current to the next (2nd) stage of the amplifier. This is the classic VFB input
stage topology.

Under the assumption of zero input voltage between Vin- and Vin+, Icl and Ic2 are equal and no
delta current flows to the ouptut, hence no signal is transferred. A non-zero input signal on either
input causes a delta current to flow to stage two. This signal is amplified in the interstage and the
output stage of the amplifier. Feedback from the output to the inverting input closes the loop.



CFB Amplifier - Feedback Activity
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In a CFB op-amp, the rebalancing action caused by loop closure happens at the node Vn. Upon
addition of feedback from the output to Vin-, current is added or subtracted from the In current, that
is the current at the output of the input buffer between Vin+ and Vin-. In other words, the external
network causes an inbalance between the currents of the push-pull pair, Q1 and Q2. The feedback
current signal then functions to re-balance the current at Vn causing the system to faithfully
reproduce at the output, the input signal with or without gain as the case may be. This current action
in restoring equilibrium produced the designation current-feedback op-amp. To reiterate: in the
voltage feedback op-amp, circuit equilibrium is restored based upon the difference voltage, Vin+ and
Vin-. In the current feedback op-amp, circuit equilibrium is restored based upon the current
condition at the Vin- node. Also note that the buffer currents il and i2, are mirrored at an increased
amplitude by current mirrors Q5, Q6 and Q7, Q8. This will be important in the slew rate discussion
that follows.



Slew Rate Analysis

Voltage Feedback Current Feedback

I _|_[_

Ol=-
~

CcM

The current needed for slewing

All the current for charging and the node at Z comes from current
discharging C comes from mirrors G*I1 and G*I2.

current source I. This is the slew
rate limitation in VFA.

Larger step inputs causes greater
11-12 and produce larger output
slew rates.
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One of the two important differences between VFB’s and CFB’s is the capability of the CFB to
produce higher slew rates than the VFB for the same quiescent current and process conditions. The
other difference is the relative independence of gain and bandwidth in the CFB amplifier. The VFB
op-amp is limited in slew rate by the ability of that circuit configuration to charge and discharge the
interstage capacitor C in the voltage feedback schematic on the left. The current source I which
supplies the balancing currents to the input differential pair, is the sole source of current available to
charge and discharge C when the circuit is under large signal, slew rate conditions. Since a current
source supplies the same current under all conditions, charging and discharging are limited to I,
regardless of the magnitude of the input signal applied to the differential pair.

In the case of the CFB amplifier Ceq, the gain node capacitance is charged by the balanced current
sources CM which produce current Iz. This becomes the charging and discharging current for Ceq.
However, this current is not limited by the differential pair current source current as in the case of the
VFB. Rather, Ceq is charged and discharged by the delta current Iz supplied by the current mirror.
These matched current mirrors, CM, CM, are responding to the magnitude of In which is driven by
the input signal. Thus, the charging current for Ceq, which becomes the slew rate limitation in a
CFB op amp, is proportional to the input signal and would be theoretically limited only by the size of
the current mirror transistors.
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High Speed Op Amp Applications

Video Raster Display
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Rise and fall time are critically important to the faithful reproduction of video on a raster scan
display. The black-to-white luminance signal amplitude of a video signal is such that video
amplifiers should be chosen for both bandwidth and slew rate performance. Video signals for
distribution are in the range of 1.5-2V. To faithfully reproduce video signals of high quality the
overall speed and slew rate must be appropriate and the output drive capability must match the speed
of the earlier stages. Understanding the slew rate performance is important because in most video
designs, the intent is to avoid slew rate action in the amplifier as much as possible. A slew rate
condition indicates the feedback control loop is unable to track the input signal for a portion of the
input signal. Video circuits should be designed to avoid this condition. Higher bandwidth, lower
settling time, and higher slew rate are all factors in keeping the feedback in operation throughout the
input cycle. The clean black-to-white and white-to-black transitions shown on the left, require the
clean drive signal shown below the drawings. Failure to faithfully reproduce the signal on the left
due to amplifier limitations will result in the degraded signal shown in the lower right. This signal
applied to a video display will produce the degraded result shown in the screen drawing on the upper
right. A high-quality, high-speed amplifier with video speed, slew rate, and differential gain and
phase specs is crucial to faithful video reproduction.



Bandwidth and Slew Rates Needed
for Various Monitor Line Rates

1/3 pixel time |
Line Rate (HXV)Vertical Rate (Hz)|Pixel Time (ns)]Rise Time (ns) | |BW (MHz)|
v 30 262 : =
640 X480 60 39 27
1024 X768 60 15 69
1152 X 864 60 12 87
1152 X 864 85 9 -~ 423
1920 X 1200 70 4 . 23
1600 X 1200 85 4 o237
2048 X 1536 60 4 274
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These are some of the more common line rates in use today. As it can be seen from this chart, at
higher line rates, the BW and SR requirements on the op amp could be demanding. When used in a
gain of +2 configuration amplifying and buffering a video signal, the amplifier output could see
voltage excursions of up to 1.4Vpp. In every case shown here, it is assumed that the video could take
as long as 1/3 the total pixel time in order to reach the final voltage (another 1/3 for keeping the pixel
potential and the last 1/3 for reverting back). Obviously, in terms of SR, the worst case would be
alternate white (on) and black (off) pixels.

Even though the video signal does not necessarily deal with sinusoidal waveforms, its speed can be
effectively related to the sine wave concept of BW through the expression:

BW=0.35/ [rise/fall_time]

This is the relationship between the rise time and the —3dB BW of a single pole roll-off gain curve.
Even though most systems are not exactly “single-pole”, this relationship is a good approximation.
The terms rise time is generally reserved for “small signal” and it refers to the time it takes the signal
to travel between 10% and 90% of the final voltages. Generally speaking, an amplifier rise time
would start to deteriorate as the amplitude is increased if the Slew Rate required is larger than what
the amplifier is capable of. In a voltage feedback amplifier, this is generally set by the amount of
current available to charge the internal dominant pole capacitor.

For the SR, the corresponding analogue between the time and frequency domain is:

SR=2*n*Vp*f

where: 1=3.14, Vp= Peak voltage of the highest sinusoidal frequency, f=highest frequency

So, a 10MHz, 2Vpp sine wave would need an amplifier which has a SR larger than 63V/us in order
to not be slew rate limited.

In the chart shown here, the SR number is approximated by dividing the total change in voltage by
the 10-90% rise time. This is a good conservative approximation especially because the SR
specification for an op amp is sometimes nebulous in its definition.



Some High-Speed Op Amps
For Video Applications

National CFB Video Amps National VFB Video Amps
Slew Rate V/uS BW DG/DP Slew Rate V/uS BW DG/DP
LMH6714/20/22 1800 400 .01/.01 LMH6642/3/4 125 135  .01/.01

LMH6718 600 110 .04/.03 LMH6654/5 200 130 .01/.025
LMH6715 1300 400 .02/.02 LMH6657/8 700 100 .03/.01

LMH6732* 2700 540 .025/.01  LMH6639 170 145 .012/.045
LMH6702 13100 720 .025/.004  LMH6628/3 940 180 .01/.08

LMH6181 11400 100 .05.04 'LMH6502/3 1800 130 .34/.10

LMHG6559 14580 1750 .06.02  LMH6609 | 1400 280 .01/.025
LMH6560 12700 680 .1/.03 -

*programmable
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National Semiconductor designs and manufactures a family of high performance video integrated
circuits. Both VFB and CFB topologies along with a wide selection of speeds, packages and features.
Each of these video devices is characterized for differential gain and differential phase as seen in the
above table. National's advanced VIP10 process with trench isolation and bonded wafers are capable
of the type of advanced specifications needed for high performance video processing.
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A Family of Op Amps for High
Performance Video Applications
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* DP of 0.01° and DG of 0.01%
Wideband: 400 MHz SSBW, Av=+2

250 MHz 2Vpp BW, Av=+2
Fast slew rate: 1800 V/us
0.1 dB Gain Flatness: 120 MHz
Isupply = 6mA per amplifier
Available in SOIC and SOT23 Packages
Applications: HDTV, NTSC & PAL video systems,
Video switching, Wideband active filters, cable
drivers, Set-top Boxes

Diff. Gain and Phase
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National Semiconductor makes high-performance video ICs in a variety of configurations and
packages. The LMH6714/15/20/22 family features excellent differential phase and gain
specifications of 0.01 degrees and 0.01% respectively. These devices exhibit gain flatness of 0.1 dB
out to 120 MHz. The single, dual and quad versions are the LMH6714/15/and LMH6722
respectively. The single with shutdown is designated the LMH6720. These current feedback
devices provide a 2Vpp bandwidth of 250MHz typical, and a slew rate of 1800V/us. These ICs are
well suited for middle and high end video applications in video switching, cable systems, and set-top

boxes.



Gain Bandwidth Relationships

Voltage Feedback Current Feedback
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Another important difference between the VFB op-amp and the CFB op-amp is in the inherent
relationship between gain and bandwidth. The VFB produces a constant gain times bandwidth
product as diagrammed in the left hand figure above. If the external circuit is configured for a gain
of 100, the maximum frequency for which the circuit will faithfully reproduce a sine wave input at
the output is 1/100 of the frequency that such an input signal will be faithfully reproduced if the
external configuration is for a gain of 1. This relationship is easily remembered as the gain-
bandwidth product for the IC. The point of inflection for an op-amp is very low, of the order of a
few hertz for low frequency VFB op-amps and in the range of 5 to 10KHz for high speed VFB
amplifiers. The slope of the gain-bandwidth product is the familiar one pole roll-off, of 6db per
octave or 20db per decade.

In the case of the CFB op-amp, the gain setting based upon the external components is independent
of the frequency over the meaningful range of operation of the CFB. Beyond the commencement of
roll-off at point f, the CFB amplifier exhibits the frequency attenuation characteristics of the VFB.
This relationship allows for increased performance in terms of distortion and bandwidth per milliamp
of supply current at high frequencies. The CFB amplifier is less flexible in terms of external
components than is the VFB amplifier. This will be seen in the limitations on the selection of the
feedback resistor, Ry, as will be discussed in the next foils.

An important advantage in the area of distortion can be seen from these diagrams. Take an example
of a circuit operating at a gain of ten and an operating frequency indicated by the vertical arrows in
the diagrams. In the case of VFB, the higher harmonics of the operating frequency will be attenuated
due to the slope of the gain-bandwidth product curve. In the CFB case on the right, more of the
higher harmonics are reproduced and the resultant is lower harmonic distortion, particularly of the
higher harmonics of the fundamental.
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Optimum Performance
Selecting a Feedback Resistor

(LMHG6715) Control over Bandwidth with Feedback Resistor
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Unlike the VFB op-amp which allows a very wide range of feedback resistor values, the range of
values for the feedback resistor, Rf in a CFB op-amp are specified as a design parameter. Within the
allowable range, however the equipment design engineer can control the response of the amplifier
particularly with regard to the amount of peaking needed in the circuit design. This chart show
empirical data for one National Semiconductor current feedback op-amp, the LMH6715. The gain is
fixed at +2 and the amplitude and phase is plotted for a range of frequencies. Higher values of Rf
such as 700 ohms results in the onset of amplitude roll-off at a lower frequency than does a lower
value Rf such as 300 ohms. For example, a 700 ohm Rf produces a 1dB roll-off at 100 MHz,
whereas a 300 ohm resistor produces a 1dB roll-off at 300 MHz. Notice the the phase response for
each does not change dramatically. Also, note that the Rf range is confined to the range of 200 ohms

to 700 ohms.

PHASE ()
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Selecting a Feedback Resistor

For CFA
(LMHG6715) For different gains, use different value Rf.
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Another decision in the design of CFB amplifier circuits is that of gain to be taken. In this case we
are referring to non-inverting gain which is the normal situation for CFB design. The chart graphs
recommended gain settings against choices for feedback resistor Rf. Here as in the prior example,
the range of values is confined to a specific range, from around 200 to 800 ohms. As the Rf value is
reduced the amount of gain that is allowed becomes limited because the value of the Rg resistor in
the gain equation for the non-inverting op-amp begins to approach the value of the input buffer
output impedance, seen at the negative input. In other words if an Rf value of 200 is chosen, a gain
choice of 4 would result in an Rg resistor value of 50 ohms. The output impedance of the input
buffer is around 180 ohms; therefore 50 ohms would be a practical lower limit for Rg. Because of
this phenomenon, designs requiring gains greater than 5 are indicated to have increasing values of
feedback resistors as seen by the ascending curve in the diagram.
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Choose Current Feedback for:

- Better distortion for a given bandwidth
- Best slew rate
- Ability to change gain without changing bandwidth

Choose Voltage Feedback for:

- Best DC precision
- Low current bias applications
- Rail-to-rail performance is needed.

National
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Voltage feedback op-amps and current feedback op-amps each have their own range of
recommended applications. CFB amplifiers are indicated when slew rate and exceptional low
distortion are needed. VFB amplifiers excel for DC applications, for applications requiring low input
bias current (or high input impedance), and where rail-to-rail performance is critical. As a general
rule CFB amplifiers will be offered for high speed applications, whereas VFB amplifiers are
ubiquitous and used for low, medium, and high speed applications.



LMH6702 - Ultra-Low Distortion

Amplifiers
Key Features (Typical Values, unless noted) Re
* Ultra low distortion: Vout = 2Vpp, RL=100 , Rg v
. -90 dBc HD3 @ 10MHz MH6702.

+ -70 dBc HD3 @ 60MHz

» Wideband: 2GHz SSBW, Av=+1
* Very high slew rate: 3100 V/us
* Low voltage noise: 1.8 nV/sqrt (Hz)
* Isupply = 12.5 mA
+ Packages: SOIC-8 and SOT23-5 e
* Applications: A/D driver, D/A trans-impedance

buffer, wide dynamic range IF amp,

Bandwidth vs. Inverting Gain
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radar/comm. receivers, high resolution video
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For applications that need a combination of very high speed and very low distortion National’s new
LMH6702 current feedback op-amp is compelling choice. Exceptional distortion specifications are
required for applications such as driving fast A/D converters, in wide dynamic range IF amps such as
in base stations, for high resolution video, and for applications where multiple RF carriers are
present. Third harmonic distortion of 90dBc and 70dBc at 10MHz and 60MHz respectively
represent excellent distortion performance in an integrated circuit.




AC Coupled
Single-Supply Amplifier

Ve /] [cra ]

Distribution Amp

LMH6714/6720/6722
LM7171 LMH6714/6720/6722 LMHG642/43/44
LM7171 LMH6732 (adj. BW)
LM7372
LM7372 LMH6702L
LMH6654/6655
LMH6682/6683
75 VOut
LMH6657/6658
LMH6714 75 R, R.
V ut Vmo_—l
75 +V o F=Vou

Favor VFB when input signal needs to swing to either supply rail.
Favor CFB for high quality, high resolution video distribution.
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Certain high speed applications may be achieved with either a voltage feedback or a current
feedback amplifier approach. Show in the drawing on the left is a video distribution amplifier.
National amplifier IC that would be appropriate choices are listed above the diagram. On the right is
an AC coupled single-supply amplifier and possible amplifier choices for this design. The LMH
designator for National Semiconductor amplifiers indicates that the ICs are fabricated on National’s
new high speed VIP10 process.



Summing Amp
VFB /| |CFB /

V RG1 RF
LMH67 D2
Vv Rcsz
2 ° VOUt
R2 RF RF
Vout=Va[ — = |1+ 0 ) Vo) vewe Ref V14 V2.
R1+R2 Re Re Rt RGQ
Favor VFB for precision applications requiring high CMRR or when
low noise in the presence of high source impedance is required.
Favor CFB when signals with disparate gain requirements must be
summed at equal bandwidth.
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Both VFB and CFB amplifiers may be configured as either a summing amp or a difference
amplifiers. Feedback in each case appears at the minus input. In the case of the summing amplifier
application, the negative input is the summing junction. Note that in the equation for the difference
amplifier configuration, the first resistor term represents an attenuation factor for the applied signal,
V2. While the CFB does have limitations in implementation, this foil illustrates that the CFB op-amp
is still very versatile.
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LMV243 Block Diagram
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The LMV243 is a second-generation power amplifier controller for GSM/TDMA cellular handsets.
The application requires the control IC to accept a ramp input from a baseband chipset, to detect
transmit power received from an external directional coupler, to close a feedback loop with an error
amplifier, and to deliver an output voltage which controls the handset PA. In the LMV243 internal
circuit block diagram, the RF IN pin is internally terminated by a 50Q resistor to ground and a
capacitor which serves to block DC. The four stage log amplifier is composed of 4 10db gain stages
alternating with five stages of RF detection. The result is a 40db detection range that is linear-in-dB.
This log-amplifier detector determines the linear-in-dB characteristics of LMV243. The internal op-
amp (C1 input) serves as a voltage-to-current converter. The error amplifier op-amp is seen on the
right side and feeds the output pin, B1. This error amplifier is used to close the control loop in GSM
Power Amplifier Control.



LMV243 Detebtor Performance Over
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The characteristic curve of the log-amp detector in LMV243 is shown above. The overall linearity,
the 40db range, and the minimum variation with temperature is evident in the RF power versus
voltage plot of the LMV243.



LMV242 Applications Block Diagram
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The LMV242 is a third-generation PA loop controller. In a quad-band GSM handset there is a high-
band RF power amplifier for the DCS1800 and PCS1900 and another low-band RF power amplifier
for GSM850 and GSM800 bands. The RF signal will be fed into the input of each PA one at a time
and the corresponding Vapc pin is activated by the LMV242 controller. Assume that the low-band
power amplifier is on and the high-band power amplifier is off. The GSM signal is fed into the input
of LMV242 through a directional coupler. The log-amp detector of LMV242 will rectify the RF
signal into dc current. The output current of the detector Iout drives the inverting input of an op-
amp, configured as an integrator. A reference voltage drives the non-inverting input of the op-amp.
This will be the ramp signal that defines the power profile for GSM to be transmitted. Finally, the
output of the op-amp integrator drives the gain control pin ( Vapc ) of the power amplifier.

Now to examine how this circuit works, we will assume initially that the output of the PA is at some
low level and that the Vramp voltage is at 1V. The V/I converter converts the Vramp voltage to a
sinking current Iramp. This current can only come from the integrator capacitor Ccomp. Current
flow in this direction increases the output voltage of the integrator. This voltage, which drives the
PA, increases the gain. The gain will increase, thereby increasing the amplifier's output level until the
detector output current equals the ramp current Iramp. At zero the integrator output will be held
steady, thereby settling the loop. If capacitor charge is lost over time, the gain will decrease.
However, this leakage will quickly be corrected by additional integrator current from the newly
reduced detector current.

The LMV242 is intended for module PAM applications and is available in die form.
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Graph of GSM PA with LMV243
Power Controller
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In GSM transmitter testing, the power amplifier is required to pass the time-mask standard profile.
The graph was a test result of a GSM power amplifier with LMV243 as a Power Amplifier
Controller (PAC). Notice that in all cases, the detected power output falls within the GSM standard
mask for cellular transmissions.






Photodiode I-V Converters
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There are many applications which use photo diode to detect the intensity of the incident light.
Examples would be: Barcode scanners, light meters, fiber optic receivers, industrial sensors, etc. The
diode has a nearly linear output current for a very large range of light intensity. The voltage across
the diode is held constant in order to minimize non-linearities.

Here is a schematic of a typical circuit used to convert the diode current into a voltage, along with
the parasitic components of the diode and the amplifier. The op amp is an ideal candidate to do this
since it has minimal input current and its high open loop gain will eliminate voltage variations at the
Cathode. The higher speed applications could tie the Anode side to a negative potential in order to
reduce the diode capacitance. As we shall see later, this capacitance is troublesome in two ways: It
reduces the achievable bandwidth and necessitates stability compensation. Also, it tends to increase
noise gain, as will be shown later. More sensitive diodes will tend to be of bigger area and will
subsequently exhibit a higher capacitance. Rf determines the overall circuit sensitivity. So, one
obvious tradeoff would be between raising the value of Rf (with resulting higher noise and lower
BW) vs. increasing the diode area and having a larger Cd. In this schematic, Cin, the op amp’s input
capacitance is also included since it cannot be ignored in most cases.



Bode Piot lllustrating C. Selection
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One interesting aspect of this type of amplifiers, also know as I-V converters, is that in almost all
cases the frequency response needs to “shaped” or otherwise the circuit will oscillate. The high
capacitance of the diode (including the op amp input capacitance), along with large Rf needed to get
reasonable trans-impedance gain, will create enough phase shift around the loop that necessitates
steps be taken to avoid oscillations.

As can be seen here, if Cf were not included, the noise gain plot would intersect the op amp open
loop gain plot at a rate of closure of 40dB/decade. The noise gain is inverse of the feedback factor
function. A zero in the noise gain corresponds to a pole in the feedback factor. Therefore, with no Cf,
at the intersection point there is 180 degrees of phase shift and thereby oscillation would set in.

In order to operate properly, Cf would need to be chosen properly to set the noise gain pole to
coincide with the op amp open loop gain plot as shown. This leads to a closed loop phase margin of
45 degrees. Under these conditions, the noise gain pole would be at the frequency shown (fp). This
would be the BW of the I-V converter as well. If Cf is any larger, then the BW is excessively
reduced.



Realistic Values
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Often, the required Cf would be very small (<5pF), especially for the higher speed applications. In
these cases, its often more practical to use the circuit above in order to allow more reasonable values.
The new value of Cf’= (1+RB/RA)* Cf

This relationship holds true as long as RA<<R{.

As an example, if Cf=2pF, , select RA=50ohm,and RB=5000hm.
Therefore, CP=(1+500/50)*2pF= ~22pF

which is a much more practical component value.

This value needs to be “fine tuned” in the real application for proper step response.
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The Noise Model
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Here is the noise model for the I-V converter. When doing noise analysis, as always, all noise
sources can be assumed to be independent of each other thereby allowing the response to be
calculated by considering one noise source at the time. The final output noise would be the RMS
(root mean square) of the individual noise sources contributions to the output voltage.

Input capacitances have been combined into a single Cin. The noise current on the non-inverting
input has been ignored since it won’t contribute to any noise at the output.

The thermal noise voltage of any resistor is 4nV* V[R(Kohm)]. Therefore, a 100Kohm resistor
would have 40nV/VHz of noise at 25°C. This noise would increase at the rate of V[Temp(K)]. So,
going from 300°K to 400°K increases the noise by a factor of 1.15.



Noise Gain and Frequengy Response
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When analyzing the noise at the output of the I-V converter, its important to note that the various
noise sources (i.e. op amp noise voltage, feedback resistor thermal noise, input noise current, etc.) do
not all operate the same frequency band. Therefore, when the noise at the output is calculated, this
should be taken into account. Namely, the op amp noise voltage will be gained up in the region
between the noise gain’s “zero” and its “pole”. The higher the value of Rf and Cin, the sooner the
noise gain peaking starts and the larger would be it’s contribution to the total output noise. Therefore,
its obvious to note that its advantageous to minimize Cin (e.g. by proper choice of op amp, by
applying a reverse bias across the diode at the expense of excess dark current and noise).
Unfortunately, most low noise op amps have a higher input capacitance compared to ordinary ones.
The “n/2” factor within the square root will account for the single pole response.

For the op amp noise voltage, the calculation is slightly more complicated since the total noise
contribution would involve an integration as the noise gain varies with frequency.

To maximize the I-V bandwidth for a given trans-impedance gain and photodiode, one would choose
an Op Amp with high GBWP and low input capacitance. However, the input capacitance for an Op
Amp is not always readily available on the data sheet.



Noise Gain and Frequency Response
(2) An Example
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Here are the calculations based on an example to show how the noise is integrated over the noise
gain. Here, the noise gain is assumed to have a single zero at 100KHz and the pole at 1MHz is
ignored for simplicity. The noise density (nV/VHz) function is multiplied by the noise gain
magnitude and then squared before being integrated over the total range (0Hz to 1MHz).

The other simplifying assumption made is that the op amp noise voltage is constant over the entire
range. This is not a bad assumption since the contribution of the 1/f region of the op amp is
negligible in a situation like this where BW reaches into the MHz region.

As far as the input noise current (in) is concerned, there is only a single pole located at fp. The same
is true for the RF noise voltage which sees a single rolloff at fp .

The resultant noise voltage from all sources is then summed together in a square root of the sum of
the squares fashion before arriving at the total rms output noise (V).

It turns out that the dominant noise source would be the op amp input noise current. The op amp
input noise current is given by: \/(2qu), where Ib is the input bias current. Therefore, it’s obvious
that choosing a device with minimal input bias current would be advantageous in terms of noise.



Optimization Guidelines

*Op Amp: the voltage noise and the current noise times Z, should
both be as small as you can get. If one of these noises is much larger
than the other, then you're probably far off optimum. Lower input
capacitance also helps to reduce the noise gain peaking effect. Noise
is reduced by the square root of the BW.

*Photodiode: If you have a choice, choose one with low capacitance
(at the expense of sensitivity). This would reduce noise gain peaking.

*Re: A lower resistor value decreases resistor noise as a function of
V(R), but it also lowers the desired I-V gain as a direct function of R.
Therefore, lowering R reduces the SNR at the output. The feedback
resistor should be as large as possible to maximize SNR.

Cg: The noise contribution due to R, can be decreased by raising the
value of C, (lowering f) but this reduces signal bandwidth.
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For the op amp noise voltage, the highest noise contribution comes at the highest frequency ranges.
Therefore, to calculate Zd (diode impedance), use the highest frequency of interest. As Zd decreases,
the voltage noise becomes more dominant and vice versa. Therefore, the voltage and current noises
can be conveniently and simply compared in this fashion.

As far as the diode capacitance is concerned, it is interesting to observe that if Cd is lowered, the
noise gain peaking effect is reduced. This could have a very significant effect on the overall noise
without effecting the BW. That is precisely why it’s important to keep the total input capacitance
low. On the other hand, increasing Cf would counteract the noise gain peaking at the expense of BW.
The value of Cf is often times a compromise between the required BW and the noise gain.



List of Suitable Op Amps for I-V

Conversion
Input Noise Input Noise | Input 1 bias GBWP | GBWP/C,,
Device Voitage Current Capacitance (max) (MHz) (MHz/pF)

(nV/RtH2) (PA/RtHZ) (pF)
LMH6628 2 2 1.5 20pA 200 133
LMH6626* 1.0 1.8 0.9 20pA 500 556
LMH6624* 0.92 23 0.9 20pA 500 556
LMH6622 1.6 15 0.9 10pA 200 222
LMH6654 /6655 4.5 17 1.8 12uA 150 83
LMH6672 4.5 1.7 2 14pA 100 50
LF411A 25 0.01 4 200pA 4 1
LMV751 7 0.005 5 100pA 5 1
LMC662 22 0.0002 4 0.01pA 14 03

(typical)
LMV771 8 0.001 4 100pA 4 1
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For current feedback Op Amps, the inverting current noise is usually much higher than that of the
non-inverting input. Therefore, as far as noise is concerned, the CFA is not the best choice. All
devices listed here are of the voltage feedback topology.

When considering the choice of device to be used, a rough measure of max possible I-V bandwidth
would be the ratio of GBWP/Cin.

If ultra low noise and maximum DC accuracy are important in your application, you could use some
of the amplifiers shown here with input bias currents in the pA range (last 4 devices from the
bottom). As you can see, reducing the input bias current means an automatic improvement in input
current noise as well. So, you gain higher DC accuracy and reduced noise at the same time!

In addition, the LMC662, LMV751, & LMV771 also allow input common mode voltage to extend
below V-; this makes for easier interface to the Photo diode and could allow easy adoption to single
supply use. The LMV751 & LMV771 could also allow usage down to very low supply voltages
(2.7V).



Non-Unity Gain Stable Op Amp
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Devices which have a minimum closed loop gain requirement (i.e. LMH6624 & LMH6626) need
special considerations when it comes to stability. These devices are optimized to provide maximum
possible speed for the amount of power they use. In the case of the LMH6624 & LMH6626, the
minimum closed loop configuration is 10V/V (20dB). In the I-V converter configuration, there is the
additional constraint of increasing Noise Gain which gives rise to further phase shift which must be
accounted for.

To ensure stability, the following must hold true:

1+C, /Cp >=10 (this is dictated by the op amp’s minimum closed loop gain). This can be simplified
to Cp<=C, /9

Cp>= \/ [C,/(2n.GBWP.Ry)] (this is dictated by the feedback characteristics discussed earlier).

IF the conditions above can be met simultaneously, the preferred value for C; from a BW point of
view would be the smaller of the two which is dictated by the feedback function (C,, R, GBWP).
Therefore:

\/ [C,/2T.GBWP.R)] < Cp < (C /9)

in®

For the specific case of the LMH6624 & LMH6626, because of the large GBWP of these two
devices, in almost all cases the solution exists. There will be a value of C; which satisfies both
conditions as long as:

C,, >= 25.8¢-9/ R;. In other words, with a nominal value of 20pF for C,, the minimum trans-
impedance gain would be 1200V/A or else the circuit would be unstable.



Composite I-V Converter
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As we found earlier, the input noise current could have a profound effect on overall noise, especially
with large Rf. Here is a neat way to optimize the I-V converter.

The choice of good low-noise JFET’s on the input eliminate input noise current as a contributing
factor.

Here are the advantages of this composite amplifier over a simple op amp circuit:

-Input differential pair tail current can be substantially increased to reduce input noise voltage.

-Input noise current would reduce significantly because of the FET’s extremely low bias current

-By proper selection of compensation components R1 and C1, one could alter the open loop response
to ensure stability. This is in contrast to the method discussed earlier which required increasing Ry,
since this method would ultimately limit BW but R1, C1 setting won’t.

When configured as shown, the noise requirements on the Al are eased. The differential pair on the
pair becomes the dominant factor in the overall noise. A good general purpose Op Amp such as the
LM6171 would work well here allowing operation with +/-15V supplies thereby getting maximum
dynamic range.
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This is the schematic of the gain stage inside the composite amplifier shown on the previous slide.
The schematic of the shaded area is isolated and shown on the left hand side. The current out of the
JFET differential pair is shown as I . To the right is the bode plot of the transfer function to Vout.

In contrast to what has been discussed so far, this amplifier configuration allows the open loop gain
response to be reshaped as opposed to the feedback factor (ie using Cy across Ry). The open loop
gain of the previous page’s schematic is shaped using the R1, & C1 placed inside the loop. Using 1%
precision load resistors for the two load resistors (2Kohm), the open loop gain becomes a function of
R1, & C1 only.



Shaping the Open Loop Gain Curve
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The composite amplifier just discussed could be made to have an open loop response resembling that
shown here by the proper selection of R1, and C1. As can be observed on this plot, the noise gain
and the X curves intersect each other at a point where the phase shift around the loop is 135 degrees
(Phase margin of 45 degrees). Note that the useable BW did not have to be sacrificed to ensure
adequate phase margin in this case.

At the point of intersection, that is when loop gain is 0dB, the signal has already gone through 180
degrees of phase shift had there not been a zero in the open loop transfer function. The presence of
this zero adds 45 degrees of phase lead around the loop resulting in 45 degrees of phase margin.
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Some Jobs Are Better Than Others

National
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What are these men doing? They are orchard workers sifting through piles of dirt while sitting under
the hot Florida sun. Why? They are listing and counting the insects present in the soil around their
fruit trees to determine the level of pest damage that is likely. From this they can decide the amount
and severity of the pesticides needed to protect the trees.
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Researchers for the USDA Agricultural Research Service have found that electret microphone
elements can provide acoustic signatures for various pests, such as the wheat stem sawfly and
weevils, that attack the roots of orange trees. Under reasonably quiet conditions these pests have
been detected within a few seconds at distances up to 30cm with 100% accuracy. Even under
adverse conditions (high winds or local vehicular traffic) the accuracy is still at least 74%. Other
researchers have recorded the Lemon tree borer larva (Oema herta), giving a non-destructive method
of detecting borers prior to treatments for infestation.

Electret microphones, the name is said to come from the words electric magnet, are the most widely
used type of microphones today and it has been estimated that current production is over a billion
units a year. Apart from eavesdropping on insects, electrets are used in cell phones, hearing aids,
cameras, computers, bat detectors, echo locators and even in high end studio audio. It is unlikely that
a day will go by without you coming into contact with, or using, an electret microphone.

Electrets are inexpensive to manufacture, can be made physically very small, yet are rugged and can
offer extremely high fidelity.
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Electret microphones are similar in operation to condenser microphones (and are commonly known
as ECMs, or Electret Condenser Microphones) where two parallel plates of thin metal are mounted
close to each other. A high dc voltage (c. 50V) is applied across the plates to polarise them with a
constant charge. When sound waves impact the plates they flex slightly causing a change in
capacitance. This change in capacitance produces an ac voltage with a frequency and amplitude
proportional to the sound wave. The electret differs from the condenser microphone in that it does
not require the high phantom bias voltage to establish the charge on the plates.

In the late thirties and early forties researchers found that a thick layer of wax material uniformly
spread over a thin flexible diaphragm could hold a more or less permanent charge. This electret
meant that high bias voltages were not required during use of the microphone elements. Modern
electrets are based on the work done by West and Sessler of Bell Labs in the 1960’s. They found that
a thin foil of teflon dielectric material would hold a permanent charge which, when applied to a
diaphragm, established an electric field in the small air gap between the diaphragm and a closely
mounted back-plate. Microphones with the electret attached to the diaphragm are known as front
electrets. More recently, the electret is applied to the back-plate, (back electrets), allowing thinner
(and more flexible) diaphragms to be used. Thin polymer electrets have extended the frequency
range from 103 Hz to over 2x10% Hz.
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The electret element has a very high impedance and this presents problems in coupling the
microphone output to subsequent amplifier stages, particularly if these amplifiers are at the other end
of a cable. To a large measure this has been solved by using JFETs to buffer the element and present
a relatively low impedance to the cable, as shown above. Although the JFET requires a dc bias
voltage, the standard two wire cable is still used, with the bias source at the other end of the wire
carrying the signal output. This is not phantom power in the sense applied to condenser microphones,
and is usually a much lower voltage, from 1V to around 9V. The microphone impedance is related to
the size of the bias resistor and is most often in the range of 2 kQ to 5 k€.

An important factor in the development of electret microphones is decreased size. Early JFET ECMs
were quite large in order to accommodate the JFET packages, but now JFET packages as thin as
0.5mm are commonly available and the total ECM thickness is as small as 2mm.

Along with small size the JFET confers additional benefits, particularly in telephony applications.
The gate impedance of the JFET, along with the capacitance of the microphone element forms a low
pass filter with a cut-off frequency around 100Hz. This helps to attenuate large low-frequency
signals such as wind noise or breath noise with close-in speakers. The gate is a reversed-biassed
diode connected across the capacitive signal source. Leakage current in the gate diode ensures that
the gate voltage is close to 0V. Very large overdriving signals are clipped by forward conduction of
the diode and the reverse leakage current.

While the JFET buffer has benefits, it also has disadvantages. The output signal is developed across
the load resistor that is also supplying the current to the JFET. This means that the JFET will have
low gain and the ECM will have low sensitivity. The spread in gate threshold voltage means that
there will be a large variation in the supply current drawn by the ECM, from 200uA to over 800uA,
and the THD will be in the range of 1 to 10%.



Next-Generation Electret Condenser
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While JFET packaging developments have made it possible to produce ECMs with very small form
factors, very little has been done to improve the sensitivity and lower the THD of the buffer
amplifier. Efforts to replace the JFET have met with limited success....until now.

Utilizing experience in designing and manufacturing small, low power consumption operational
amplifiers, National is introducing a new range of pre-amplifiers intended for use with electret
microphones, both 2-Wire and 3-Wire, with improved performance over their JFET equivalents.
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Overcoming the JFET’s disadvantages with an integrated pre-amplifier while retaining the benefits
and still remaining low cost can be quite challenging. High-input-impedance amplifiers are readily
available but the smallest of these are typically in five lead packages with a package thickness of
1.1mm.

In 1999 National introduced the chip scale package, known as micro SMD, which is now available
with dimensions of 0.93 X 1.0 X 0.4mm. Since the introduction of the micro SMD package, we have
designed and manufactured a number of low-voltage, low-power amplifiers using a BiCMOS
process. CMOS devices have near ideal high input impedances (>1000G2) but, unlike a JFET, the
input stage requires biassing for linear operation and help with recovery from input overloads. In the
LMV1012 this bias is provided by back to back diodes which also make a fast recovery circuit for
the input MOS follower. Large, low frequency signals are attenuated by an internal high pass filter
before the signal is passed on to the high-gain output stage. The filter also provides a convenient
point to dc bias the output stage to approximately half the nominal supply voltage for maximum
output dynamic range. To replicate the two wire output of the JFET ECM, a transconductance stage
sets a current flowing through the load resistance. Since the output node is the supply rail, RF signals
on the supply rail can be coupled into the circuit. Most ECM manufacturers add small by-pass
capacitors (20-30pF), but careful layout of leads from the microphone are still required.

Signal voltages from the electret* are of the order of 100uV to 10mV on average, with 100-130mV
peaks. The LMV1012-15 has a set gain of 15.5dB to avoid clipping on high signal swings. Higher
(23.8dB) or lower (7.8dB) gains are available with the LMV1012-25 and the LMV1012-07
respectively. All three devices feature THDs of 0.1% and SNRs of 60dB.

*OBBG 0615S/0622S from BSE (www.bsecm.com)
Best Sound Electronics

#869-3, Jacjun-1dong

Keiyang-ku, Inchon-si, South Korea.
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The LMV1012 is designed as a direct replacement for the conventional JFET ECM. With the same
form factor, replacement involves simply substituting the microphone elements. Immediate benefits
are improved sensitivity, lower distortion and lower supply currents (total supply current with 2.2KQ
loads are 160uA for the LMV1012-07 and LMV 1012-25, and 200uA for the LMV 1012-15).

Some battery-powered applications (Bluetooth™ technology) need even lower supply current levels,
and if a 3 wire interconnect to the ECM is permissible, a more conventional output stage, such as that
used by the LM1014 can be employed. Separating the output lead from the supply current lead
means that high PSRRs can be readily achieved (88dB) with a much lower total supply current
(38uA) for comparable noise levels. Although the PSRR falls off above 1kHz, it is still good enough
to handle the GSM modulation rate of 216 Hz and its harmonics. RF decoupling capacitors may still
be required on the supply line, but the lower output impedance of the LMV1014 (<200€2) makes the
signal output less susceptible to noise pick-up.
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An omnidirectional microphone has an equal response to sound waves coming from all directions. A
cardioid microphone, sometimes called a noise-reducing microphone, has reduced response to sound
waves that are off-axis. Note that this is a decreased response, not an enhanced response to on-axis
signals.. Because the off-axis response to ambient noise is less than that for an omnidirectional
microphone, the cardiod is said to have a distance factor. For example, a distance factor of 1.8 means
that the cardioid will have the same signal to ambient noise ratio at 18 inches as will the
omnidirectional at 10 inches. Cardioids will also exhibit a proximity effect. When the speaker is
close in to the microphone, frequencies below S00Hz get boosted compared to frequencies above
500Hz. This means that a voice can sound richer and deeper close to the microphone, but thinner and
reedy further away from the microphone.



References

0dB SPL smallest sound normally detectable (20uPascals)
60dB SPLNormal speech at 3 feet distant

70dB SPLBusy Traffic

74dB SPLNormal speech at 1foot distant

94db SPL Normal speech at 1 inch distant (1 Pascal=10ubars=10dynes/cm?)

Electret Microphone Sensitivity —=-44dB SPL = 6.3mV
Amplified by the LMV1012 =38mV

=-28.5dB SPL
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On the previous page, the frequency response for each microphone element was plotted with respect
to relative amplitude ........ relative to what? Unfortunately, microphone manufacturers and the
makers of electronic amplifiers have their own favourite reference levels and you need to know the
relationship in order to make comparisons of specifications between different microphones. For the
amplifier it is useful to know the microphone sensitivity in dB relative to 1 Volt (dBV), or for
professional audio equipment in dB relative to 0.775 Volt (dBu), in order to determine if the
amplifier noise floor will affect the overall S/N ratio. For the microphone manufacturer it is more
useful (for comparative purposes) to know the sensitivity relative to sound pressure level (SPL).

0dB SPL (20uPa) is considered to be the smallest detectable sound level but this is not the reference
level used for the microphone sensitivity specification. Instead either 74dB SPL or 94dB SPL are
used as references. 74dB SPL is the sound pressure generated by normal speech at 1ft from the
microphone. 94dB SPL is the sound pressure for normal speech within lin of the microphone and
corresponds to 1 Pascal = 10 pbars = 10 dynes/cm2. The reference voltage level is 1V/Pa. For
example a microphone element with a sensitivity of -44dB SPL relative to 1V/Pa will generate a
voltage of 6.3mV. Amplified by an LMV1012-15 this will give a microphone output level of
37.8mV or —28.5dB SPL.

Microphone noise measurements are given either as a SNR (dB) ratio or as a voltage referenced to
1V (dBV). It is not always clear which one is being used and the measurements are invariably A-
weighted. This comes from the early days of telephony where measurements were made through a
band-pass filter centered at 2-3kHz with a sharp rolloff on either side, -10dB at 20kHz and —20dB at
100Hz. A-weighting usually improves the measured S/N by 3dB to 6dB over an unweighted
measurement.
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Po = Vo(P'P)Z/ 8RL = o(P-p)?*R,/8

The maximum amount of ac (sine wave) power that can be delivered to a given resistive load RL
is limited either by the maximum voltage swing available from the amplifier output or (less
likely) the maximum current swing the amplifier can deliver. The interdependence of these
quantities is illustrated by the simple expressions given below where VO(p-p) is the output
voltage swing and 10(p-p) is the output current swing.

Power = VO(p-p)*/8RL = IO(p-p)*RL/3

For most audio amplifiers, voltage swing is largely dependent on the supply voltage or the
semiconductor process breakdown voltage, whichever is lower. For a given load the maximum
current (and output power) is determined by this voltage swing. The amplifier current capability
usually depends on the design topology and the size of the output transistors. Normally I/C audio
amplifiers are designed with specific loads and supply voltages in mind, but when an audio
system designer wants more power but is constrained by a (lower) supply voltage, conventional
approaches do not always work.
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The introduction of portable entertainment equipment was one of the earliest trends that made
working with low supply voltages voltages important, and many transistor radios used
transformer coupled speakers. As shown here, even a modest turns ratio of 1:2 will double the
swing across the loudspeaker with a four times increase in power. Unfortunately, particularly
when much higher power outputs are required, the expense, bulk and radiated field of the
transformers start to make this approach unattractive. Also, note that in the example above, the
load presented to the amplifier is increased by the square of the turns ratio, to 2 instead of 8Q,
and the amplifier has to deliver peak currents that are four times higher. Nothing is for free, and
the higher output power is achieved at the expense of higher amplifier internal power
dissipation.



Solution #1: The PA Configuration
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The low cost and ease of use of modern high power audio amplifiers make it very practical to
apply different topologies to replace transformer drive.

Where the amplifier and speakers are provided together to make a complete system, the speaker
impedance can be lowered to 4Q or even 2Q to get the required increase in power output.
Nevertheless, on large systems, the increased current to drive these loads can easily cause excess
power dissipation in the power amplifier, or the peak current can actually exceed that available
from the amplifier output transistors. A solution to this problem is to employ two similar
amplifiers connected in parallel across the speaker.

In the case of a 4Q load, each amplifier is matched in gain (use 1% resistors to set the gain) and
so delivers only half the load current required for the speaker. As far as each amplifier is
concerned, the effect is the same as driving an 8Q load, so the internal peak current and power
dissipation are the same as for an 8Q load, yet the power output is actually into a 4Q load.

To further ensure good matching between the amplifiers, dual amplifiers, such as the LM4780,
are easily available. This power amplifier is a new Overture® series two channel amplifier, the
LM4780, which can deliver 60 Watts/channel into 8Q loads. These amplifiers also feature a
smooth transition fade in/out mute. They are available in 27 pin TO-220 style packages with a
package 0, of 0.80C/Watt. The design shown here can deliver 100 Watts into a 4Q load on 32V
supply rails. This is 2X the power that could be delivered to an 8Q load with the same power
supply voltage.

Note: While dual, or stereo, amplifiers can solve the matching and output current requirements,
since both amplifiers are in the same package, the total internal power dissipation will be the
same as for a single amplifier driving the actual 4Q load. Where dissipation and heat sinking
remain an issue, two physically separate amplifiers should be used. In that case the power
dissipation per amplifier is the same as that for an amplifier driving an 8 load.



Solution #2: The BTL Amplifier
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When both terminals of the speaker are available (one side is NOT connected to ground) another
approach is available, also using a dual amplifier in place of a single. While there are a number
of different ways to connect the BTL or Bridged Transformer Less (also known as Bridge Tied
Load) amplifier, all the ways will have one thing in common. In the absence of a differential
drive source, one amplifier will be driven non-inverting, while the other will be driven inverting.
The big advantage to this configuration is that the power output can be up to 4X that of an
amplifier driving a single ended load from the same supply voltage.

In the absence of an ac signal the outputs of both amplifiers will be at the same potential, in this
case 0Vdc, and the load is connected between the outputs. This means that the large coupling
capacitor for a single-ended load has been eliminated. When an ac signal is applied and the
output of the left hand amplifier swings positive, the output of the right hand amplifier will
swing negative by the same amount. Ideally the left hand amplifier output can swing almost to
the positive supply rail so that the total positive swing across the the load is twice the positive
supply voltage. Similarly the maximum negative swing across the load will be almost twice the
negative supply voltage. Since the power delivered to the load is proportional to the square of
the voltage swing across the load, the power is increased by almost 4X. The word almost is used
because in the real world the amplifier output will not be able to swing all the way to the supply
rail. Headroom is required for the output stage transistors and this can be several volts when low
distortion is important.

Note: Although the load is 8€, as far as each amplifier is concerned it is driving a 4Q load and
power dissipation per amplifier should be calculated assuming RL = 4Q.
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Yet another solution to obtaining increased audio power is to provide separate amplifiers to
drive each speaker in a loudspeaker enclosure. This is known as Bi-Amping or Tri-Amping.
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Because of the difficulty in manufacturing a single speaker capable of reproducing the entire
audio spectrum, most Hi-Fi speaker enclosures have multiple speakers,where each speaker is
designed to cover only one section of the frequency band. Since the power amplifier delivers the
entire range of frequencies, separation of the audio signal is done with passive high-pass and
low-pass filters, known as crossover networks. These networks have to handle high power levels
and are composed of relatively large (and expensive) inductors and capacitors.

Crossover networks are difficult to design and even more difficult to tweak. They present a
different load to the power amplifier than would be presented by the speaker alone and they
consume power that would otherwise go to the speaker. Nevertheless, the presence of the
crossover network inside the speaker enclosure means that almost any power amplifier designed
to drive the nominal speaker impedance can be connected to any speaker enclosure with that
impedance.

An alternative (for the go-it-alone audio enthusiast) is to provide separate power amplifiers for
each speaker within the enclosure. In a bi-amp system one channel would handle the signals at
the low end of the audio spectrum (the woofer), and a second channel would handle the signals
at the high end (the tweeter). Separation of the signal frequencies occurs between the pre-
amplifier output and the power amplifier inputs as shown above.
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The audio signals passing through the crossover network are now line level signals from the pre-
amplifier and the cumbersome passive networks can be replaced with active crossover networks.
Here we are showing active 2nd order low-pass and high-pass filters using the LM833 dual
audio amplifier. These filters are of the all pass type so the combined overall voltage response
will be flat, and the crossover frequency Fc = 1/2nRC. Increasing the roll off rate in the stop
band to 24dB/octave is done by simply cascading two 2nd order filters, the crossover frequency
now being given by 1/2tRCV2. A quad op-amp, the LM837, can be substituted for the LM833
but lower power supply voltages will be needed. Notice that the output of the high-pass section
has a trim pot to set the output level. This is because woofers have a generally lower efficiency
than midranges and tweeters and the pot can be used to set up an overall acoustically flat
response.
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Although the audio frequency range is generally accepted to be between 20Hz and 20kHz, the
energy in music signals is not evenly distributed over this range. In fact, for most music
programmes, 70% of the energy occurs at frequencies below 700Hz. Less than 10% occurs at
frequencies above 3.5kHz. This suggests that in a bi-amped system the woofer amplifier needs
to be able to handle more power than the tweeter amplifier, or put another way, the tweeter
channel needs less power than the woofer channel.

Shown above is yet another new Overture® amp, the LM4871. This is a three-channel amplifier,
each amplifier capable of delivering 35Watts/channel into 8Q loads. Here we are showing
channels 1 and 3 driving the 4Q woofer in parallel, and channel 2 driving the 8Q tweeter.
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Three channel power amplifiers make it very easy to implement a three-way system. Now the
audio spectrum is divided into three sections, a woofer amplifier driven through a low-pass
filter, a midrange amplifier driven through a band-pass filter, and a tweeter amplifier driven
through a high-pass filter. Although the crossover frequencies are different from the two-way
system, the high and low-pass sections are designed as before, with the band-pass section
formed by cascading a high-pass and a low-pass section.

Choosing the crossover frequencies depends on how adventuresome you feel. If the speakers
come with a passive crossover, or are a matched set with recommended crossover frequencies,
then you won’t go too far wrong with staying with those frequencies. If you have the means to
measure the individual driver characteristics, then go for it. In general terms the cone diameter is
a good guide to the upper end of frequencies that the driver is good for. If the diameter divided
by the acoustic wavelength at the highest frequency the driver is expected to reproduce with a
flat response is less than or equal to 1, the crossover frequency will be in the right range. For a
two-way system the crossover will be in the range of 800Hz to about 2kHz. A three-way system
can have crossovers as low as 100Hz and as high as 4Khz. In the system shown here, fourth
order filters are used with the component values in the filter network for crossover frequencies at
500Hz and 3kHz.

Using the LM4781 provides all the power amplifiers for a single three-way enclosure in one
package, but does not take advantage of the reduced power requirements for the midrange and
tweeter section.
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This design is a combination of the BTL and single ended configurations. The LM4870 is used
to drive the woofer in BTL mode, amplifiers 1 and 3 of the LM4871 drive the midrange in the
BTL mode, and amplifier 2 drives the tweeter in the single ended mode.
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Many audio amplifiers require external resistors in order to set the gain. However, these resistors
take up valuable board space and increase both cost and assembly time.
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Gain-Setting Resistors Needed!

Gain0 o—
Gain1 o—

LIn+ o=

Lin- o——

Rin+ 0—
RIn- o—

LM4874

e Logic inputs Gain0 and Gain1
select one of four gains: 6dB, 10dB,
15.6dB, or 21.6dB

e No external resistors = space savings

—o0 | Qut+

—OLOut-
® Exposed-DAP package — further

—oROQut+ Space savings
—O9ROut-
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The LM4874 provides a solution to these issues because its gain is set without any external
resistors. The LM4874 features four fixed, internally set, BTL voltage gains: 6dB, 10dB,
15.6dB, and 21.6dB. Select one of the four gains by applying a logic level signal to the Gain0

(MSB) and Gainl (LSB) digital inputs.



LM4874 - 2.1W Differential Input,
BTL Output Stereo Audio Amplifier
With Selectable Gain and Shutdown

__f”‘T Voo J__'”T Voo
w e BTL Output Power of 2.1W (R, = 3Q2),
LIN-@— N LU+ 1.9W (R, = 4Q), 1.2W (R, = 8Q)
LIN+ @ [Vpp = 5.0V, THD+N = 1%]
gﬁ:z?: @_ oo ® Micropower shutdown current = 0.1uA
RIN-QH- CLns rout+ ® PSRR=62dB, at 1kHz, Vp = 5.0V
< +
RIN+ @+ e Exposed-DAP package — high
_M thermal efficiency
SHDN Vo3 [ ' N ROUT-
+ T ® Applications: notebook computers,
I PDAs, portable electronic devices
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The LM4874 also features pseudo-differential stereo inputs and BTL outputs. Operating on a

single 5V supply, the LM4874 delivers 1.2W, 1.9W, or 2.1W of output power to an 8Q, 4Q, or
3Q BTL load, respectively, with less than 1% THD+N. Other features include an active-low

micropower shutdown mode input, thermal shutdown protection, and improved “click and pop”

suppression. The LM4874 is designed for notebook and other handheld portable applications.
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The Reference Bypass Capacitor:

* Filters out noise on the input node

* Affects charging time to 2VDD (T,y,)
®Provides click & pop suppression
*Improves PSRR

* The reference bypass capacitor plays an important
role in the performance of the audio amplifier

« [t adds to system cost
» Takes up board space
* Increases assembly time

Too bad we can't get rid of the “But”.......

National
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The reference bypass capacitor affects audio amplifier performance by the following ways:

1. Filters out noise on the input node. Along with an input resistor, the reference bypass
capacitor forms a low-pass filter to minimize noise.

2. The size determines charging time to /2VDD (Wake Up Time, Ty,); the larger the capacitor
the lower the slope at which charging occurs.

3. Click & Pop suppression is also determined by the size of the reference bypass capacitor;
larger capacitances provide more resistance to sudden voltage changes.

4. The higher PSRR can be achieved with increasing capacitance but it comes at a cost of a
longer wake up time.



Introducing the LM4906! Getting Rid
of the “But”....... No Reference
Bypass Capacitor Required!

DD

Gain Select 1C1F
6112 dB H |
1E = |s
20k 20k
Audio
Input 1 20k
St —R ]
L C2 . 5
0.39uF
12 Vg, 20k

20k [
SHUTDOWN Bias/Click Pop

1 Suppression
é 100k - 8
+ + vo2

2,7
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The LM4906 is the first Boomer® power amplifier that does not require an external reference
bypass capacitor.

A new patented technology eliminates the need for the capacitor, resulting in a quick wake-up
time (Ty,;) , great PSRR specification, board space savings, and less assembly time.

The LM4906 requires only two capacitors (input capacitor and supply bypass capacitor), and has
an internal gain (6dB or 12dB) setting pin.

Key Specifications:

Vpp =13V

PSRR: 71dB @ 217 Hz; 73dB @ 1kHz
P, =390mW, R; =8Q, BTL

Ty = 4ms

Vpp =15V

PSRR: 67dB @ 217 Hz; 70dB @ 1kHz
Py, =1W,R; =8Q, BTL

Tyy = Sms

Applications:
Portable computers

Desktop computers
Multimedia monitors



Portable Consumer Audio Devices
Operating on a Single Cell Battery

*Portable CD/MP3/MD players
* TV remote control

®Electronic Dictionary
*Wireless headphones
*Cordless telephone

*Clock

National
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