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Introduction

Analog Applications Journal is a collection of analog application articles
designed to give readers a basic understanding of TI products and to provide
simple but practical examples for typical applications. Written not only for
design engineers but also for engineering managers, technicians, system
designers and marketing and sales personnel, the book emphasizes general
application concepts over lengthy mathematical analyses.

These applications are not intended as “how-to” instructions for specific
circuits but as examples of how devices could be used to solve specific design
requirements. Readers will find tutorial information as well as practical
engineering solutions on components from the following categories:

e Data Acquisition

e Power Management
e Amplifiers: Audio

e Amplifiers: Op Amps

Where applicable, readers will also find software routines and program
structures. Finally, Analog Applications Journal includes helpful hints and
rules of thumb to guide readers in preparing for their design.

High-Performance Analog Products www.ti.com/aaj
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How digital filters affect analog

audio signal levels

By Jorge Arbona, Applications Engineer,
and Supriyo Palit, Software Systems Engineer

Introduction

Digital audio processing provides a great amount of flexi-
bility to system designers. Multiple filter structures can be
cascaded to form equalization (EQ), low-pass, high-pass,
shelf, and many other filter combinations with relatively
low power consumption and little PCB space. Infinite-
impulse-response (IIR) filters can be used to easily simu-
late filter functions performed by analog counterparts.

Digital audio signals are represented as an array of bits
with a fixed resolution. This means that the signal is dis-
crete in nature, both in amplitude and in time. If the source
of this data is analog, it is quantized and sampled at fixed
intervals (sampling periods) by an analog-to-digital con-
verter (ADC). An audio engineer has to be careful to
ensure that the signal being recorded is not clipped, while
maintaining the signal as loud as possible to maximize the
signal-to-noise ratio (SNR). An ADC has an amplitude
limit, which may be defined as a full-scale voltage, mean-
ing that any signal above a certain amount of volts at the
converter’s input may result in clipping. Also, the signal is
quantized into a number with a certain fixed resolution
(which might also be close to the clipping point).

A mastering engineer also has to be careful when work-
ing with music in the digital domain. Some EQ can be

added to boost certain frequencies as well as to achieve
other effects. If there is an extravagant amount of head-
room, the engineer can boost, boost, and boost. However,
the final medium for the music is a CD (which is limited to
16-bit audio), so trade-offs have to be made because the
rest of the music sounds too “quiet” compared to the SNR
of the medium.

Boosting frequency bands in the digital domain can
create certain problems when the bands are converted into
the analog domain. Digital-to-analog converters (DACs)
can also clip the signal if their digital input is larger than
their full-scale voltage. Most processors allow a certain
amount of headroom to work with intermediate values, but
ultimately a DAC expects a certain data width bounded by
maximum and minimum values. If the signal is scaled down
and certain frequencies are then boosted to accommodate
the higher peaks, then the SNR at the flat region(s) will
suffer from a lower SNR.

Understanding the problem

A very important aspect to consider when digital filters are
used is how the signal level is affected upon its conversion
from the digital to the analog domain. Suppose that a sys-

tem provides a digital signal to a processing unit and con-

verts it to analog using an ideal DAC without any process-
ing being applied, as shown in Figure 1. In this example, a
0-dBF'S digital signal is provided to the DAC and converted

Figure 1. Full-scale digital signal represented as a 1-V,.,, analog signal
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into the analog domain. A relationship between the digital
code and the analog output amplitude is provided in the
specification of a codec as the full-scale amplitude. If the
specification of the full-scale amplitude is 0.707 Vgpyg (or
1 Viear), this means that a full-scale 0-dBF'S digital sinu-
soid will result in a 1-V, ., sinusoid, as shown in the figure.
If a DAC is bounded by —20-1 and 20-1 — 1, amplifying a
signal beyond these limits will distort the signal by clipping
it at its output (assuming saturation logic), as shown in
Figure 2. Note that it is typical for most signal processors
to allow some amount of headroom before providing data to
a DAC. It is important for the data within the processor’s

Texas Instruments Incorporated

memory to remain undistorted. Figure 2 illustrates the
DAC input limits where output clipping may occur if
exceeded.

A solution to this problem would be to ensure that the
signal is not amplified beyond the DAC’s limits (i.e., ensure
that positive gain is not applied to the source signal).
However, there are cases for which the solution is not as
obvious. Performing a boost relative to the full-scale
amplitude of the DAC input at a specific frequency range
will also cause adverse effects. In Figure 3, a 500-Hz signal
is boosted by 6 dB. The distortion observed in the analog
output is due to DAC clipping.

Figure 2. Excessive gain in the digital domain can make

the signal exceed the DAC’s upper and lower limits
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Figure 3. Possible effects of boost on a specific frequency band
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This concept is also illustrated in Figure 4. Note that
the noise from the source data is inherited when passed
to the larger bus width of the processor’s memory. As
mentioned previously, data could be scaled down by the
maximum amount of total boost to accommodate the
boosted regions. However, as seen in Figure 5, even if the
boost reference point is in a good position, the DAC signal
might be affected by the output SNR. If the amount of Max
boost does not compromise overall system SNR signifi-
cantly, then simple scaling might be a viable solution.
Some low-power codecs provide 100 dB of SNR, which Min
allows some amount of scaling without sacrificing the SNR
of the original 16-bit source.

Figure 4. Signal content throughout the digital
signal chain
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composed of magnitude bits and fractional bits. An inte-
ger value represented as a floating-point number is com-
posed of exponent bits and mantissa bits. This discussion
will henceforth be restricted to fixed-point numbers and

fixed-point arithmetic.

A fixed-point number is represented as a twos-
complement integer with a fixed number of digits after the
radix point (or the decimal point). These digits make up
the fractional part of the number. The digits before the
radix point are the magnitude part and denote the range
of the number. The magnitude part also contains the sign
of the number.

Digital data coming into an audio processor is consid-
ered to be a real number lying between —1 and 1 — 1LSB.
Assuming that the real value is represented as a 16-bit
fixed-point number, the number —1 will be represented as
1000000000000000 in binary (or 0x8000 in hexadecimal).
In twos-complement arithmetic, 0x8000 corresponds to an
integer value equal to —32768. This means that dividing
the integer number by 32768 will result in the quantized

Figure 5. Signal content with the use of scaling
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Figure 6. Fixed-point representation of a real number
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approximation of the real value. The largest positive num-
ber in 16 bits is 0111111111111111 in binary (or Ox7FFF
in hexadecimal). The corresponding integer value is 32767.
Dividing this by the scale factor of 32768 produces the
largest real number that can be represented in this format.
The number is 32767/32768 = 0.999969482421875. The
fixed-point representation is shown in Figure 6.

In this representation, there are 15 fractional bits and 1
magnitude bit, which is also the sign bit. This means that a
real number must lie between —1 and 0.999969482421875
before quantization. If the real number is above or below
this range, it cannot be represented in the given format
because the 16-bit register will overflow. To accommodate
larger real numbers, the magnitude part needs to be
increased at the expense of a reduced fractional part. This
format is also known as the 1.15 format (1 = magnitude
bits, and 15 = sign bits). Input to a digital processor is
always represented in 1.n format, where n is the number
of fractional bits (15, 19, 23, or 31). A value of 0 dBFS
corresponds to the RMS value of a full-scale sine wave
whose amplitude is (2" — 1)/2n. The largest real number in
the given format is represented by 2. The number of bits
that are used to represent a signal is called the signal bit
width or the data bit width.

Overflow and saturation

Overflow occurs when a processing unit’s computation
results in a value greater in magnitude than the data bit
width. Overflow is typically associated with computation in
the accumulator, where successive numbers of the same
sign are added and stored. Accumulators usually keep
accumulating even after overflow because the final result,
if within bounds, will still come out correctly.

The output of the accumulator is saturated before it is
stored as a signal value. Saturation is a process where a
positive overflow is converted to the maximum positive
number and a negative overflow is converted to the mini-
mum negative number. Saturation is a nonlinear operation
and results in severe harmonic distortion of the output.
Headroom bits are used to prevent saturation.

High-Performance Analog Products
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Signal bits

Signal and noise bits affect the performance of a system.
The digital audio processor adds quantization noise, and
the overall performance will be the effect of both the analog
circuit noise and the quantization noise. Assuming that
both noise sources are the outcome of independent random
processes, the overall system noise performance can be
defined as

82
SNR =10log;o| ——— |,
N¢ +Ng

where S is a uniformly distributed random signal, N, is
DAC circuit noise, and N, is quantization noise. Using a
100-dB DAC and a 120-dB signal processor will result in
an overall SNR of 99.96 dB.

It should be noted that the overall SNR is also limited by
the source—the input to the digital audio processor. If the
input is provided as a 16-bit number, then the signal-to-
quantization-noise ratio (SQNR) of the system can, at
best, be 96 dB (assuming a uniformly distributed random
signal, unweighted). So, even a higher-bit internal repre-
sentation (lower Ng) will not provide much improvement
in this case.

Noise hits

Earlier it was mentioned that the number of signal bits
determines the performance of the digital audio system.
More bits are sometimes needed for filter-response
calculations.

A filter implementation consists of a data path through
which the signal flows and is stored as delay elements for
the filter. The signal and delay values are multiplied by the
coefficients associated with the filter taps. Coefficient quan-
tization also plays an important role in system perform-
ance. The product of the signal and coefficient values is
stored in the accumulator, which usually has a higher bit
width than that of the signal. Subsequent products are
added in the accumulator (at a higher bit width), and the
final filter output is then stored back in signal precision
(at a lower bit width).
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Consider the biquad filter implementation in Figure 7.
In this figure, the input and output signals are represented
by “A bits.” The a and b coefficients are represented by
“B bits.” The input signal and its delay elements are multi-
plied by the coefficients and added at the accumulator.
The multiplier and accumulator together are A + B bits
wide. The output signal is then quantized by the @ block
and stored as an A-bit number. This introduces a quanti-
zation error, which is a noise source for the digital filter;
therefore extra bits are needed to ensure that the noise
contribution from the digital filter is below the target
SNR. These extra bits are called the noise bits. The effect
of noise is more pronounced with IIR filters than with
finite-impulse-response (FIR) filters. The number of noise
bits also depends on the sampling frequency and the cut-
off frequency of the digital filter. As the sampling fre-
quency increases, the number of noise bits required
increases. As the cutoff frequency decreases, the number
of noise bits required increases. For a 48-kHz operation,
14 to 16 noise bits are enough to maintain the target SNR
for a 40-Hz IIR filter.

Headroom hits

Other than signal and noise bits, additional bits are needed
to prevent overflow. These bits are called headroom bits.
An end-to-end audio-processing chain will usually pre-
serve the signal level. This means that if a 0-dB signal is
input to the signal chain, the output will measure 0 dB or
less. (Usually there is a signal compressor that will limit
the signal swing to a few decibels below zero.) If boost
filters are used to amplify specific signal bands, the remain-
ing bands are usually attenuated to prevent the signal from
going above 0 dB. For the latter case, when the input-
signal level is at 0 dB (also known as the neutral signal
level), the output signal will be lower than 0 dB, and only
the amplified bands will reach 0 dB at the output. This will
reduce the average volume level of the audio signal.

In spite of the signal level being maintained at 0 dB, the
signal can overflow at intermediate processing points. To
prevent overflow, headroom bits—i.e., bits in addition to
signal and noise bits—are needed.

There can be two sources of overflow:

1. An audio-processing chain can have a filter whose gain
(at some specific frequency values) is greater than 0 dB.
The filter can be part of a cascaded filter chain (e.g.,
low-pass, high-pass, and/or band-pass filters) whose
overall gain is 0 dB, or it can be a frequency-selective
filter that amplifies a specific frequency band relative
to the neutral signal level (e.g., shelf and EQ filters).
Note that if a real number is represented in 1.n format
(where n is the number of fractional bits), the magni-
tude of the number is always less than 1. So, if a filter
with a gain of more than 0 dB (a real number greater
than 1) is used, then the output value from the filter is
going to overflow if the input value is 0 dB (a real num-
ber equal to 1). To prevent overflow in such cases,
more headroom bits are needed.

Analog Applications Journal 202010
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Figure 7. Biquad filter implementation
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2. A filter with a gain of less than or equal to 0 dB can have
instantaneous real values greater than 1. To ensure that
these instantaneous values do not overflow, headroom
bits are needed.

A pictorial representation of the signal in the audio proc-
essor is shown in Figure 8. An important point to note is
that headroom bits are primarily used to accommodate
intermediate signal growth. It is expected that at the end
of the final processing block, the output will fit within the
signal bit width. Otherwise, for low-signal amplitudes, the
output will still be within limits and not distort; but, for
high-signal amplitudes, the output will get saturated and
cause distortion. To prevent distortion, it is best to attenu-
ate the signal prior to the final output.
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Figure 9. Scaling the transfer function
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Scaling

Scaling can be used to avoid saturation for filters with gain
exceeding 0 dB. A boost filter can be used intentionally
that will gain a particular frequency. Even a multisection
low-pass filter can have a biquad section that actually gains
certain frequencies that are higher than the available head-
room (the overall response will still be 0 dB). In such a
case, whether or not to use scaling can be determined by
multiplying the input-signal level by the maximum gain of
the total filter response. If the product is greater than the
available DAC headroom, then scaling could be used to
avoid saturation.

One method of scaling is to attenuate the system’s trans-
fer function by an amount equal to the maximum amplitude
of the filter’s transfer function. The scaling factor can be
defined as

S= maX‘H(ej(”)‘,

where 0 < ® < 1. A second method is to scale the input
signal by S. Figure 9 demonstrates the effect of scaling the
transfer function. A full-scale sinusoid is input to the trans-
fer function, which attenuates the flat frequencies by 6 dB.
Relative to —6 dBFS, the 1-kHz signal is boosted by 6 dB.
In some cases, due to the filter structure and the instan-
taneous signal sequences, the output of a filter can be
more than 0 dB even though it does not have a gain of
more than 0 dB. An FIR filter can increase the gain of a
signal by a sum of the absolute value of the filter taps if
the individual memory elements are at 0 dB with a sign
opposite to that of the taps. The response of the filter may
not exceed 0 dB, so additional headroom may be applied.
Computing additional headroom for IIR filters is complex

High-Performance Analog Products
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because they have feedback elements, and finding a closed-
form expression to determine the upper limit for instanta-
neous gain is complex. In fact, one of the reasons signal
processors provide additional headroom (above the DAC
limit) is to allow headroom for instantaneous values. Mea-
surements might be needed to compute additional head-
room. In some cases, the SNR may need to be traded off
for distortion that is due to saturation, and then an analog
gain may need to be added to get the signal back to 0 dB.

When scaling is used, it is sometimes desirable to add
additional gain (boost) in the analog output stage to com-
pensate. Special care should be taken to ensure that the
signal of the boosted regions does not saturate the output
amplifiers as well, resulting in a distorted signal. Boost is
also provided at the final output stage of the processor to
compensate for scaling. This is required for multisection,
0-dB filters where scaling has been done to prevent over-
flow for one or more of the individual sections. For filters
that gain frequencies above 0 dB (EQ and shelf filters),
the neutral signal level is scaled below 0 dB. In this case,
the final-stage boost is not required. The result is a loss of
SNR for the flat regions.

A more elegant solution is to limit the amount of filter
gain based upon the volume gain applied at the digital
processor, which is very well-suited for headphone use. At
higher volume levels, the frequency boost can be lowered
and, ultimately, be flat at full volume.

In some cases, the frequency boost is kept constant,
while the signal is compressed when the volume is high.
This is the anti-clipping dynamic-range compressor (DRC)
function: At low volume levels, the original SNR is main-
tained; but, as volume increases, the scaling is proportion-
ately increased to prevent distortion.
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Figure 10. Headphone volume relative to human hearing
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Regardless of the method used, it is important to con- References

sider how humans perceive sound and noise. Human
hearing has an outstanding dynamic range. Headphone
amplifiers trade between noise floor and output power
to best accommodate this range. For instance, the
TLV320AIC3254 audio codec can deliver a very high
sound-pressure level (SPL) with just 500 mVpyq into a
typical 32-Q or 16-Q headphone load, and at the same
time can have a noise floor of 100 dB (A-weighted) below
full scale, which can be below the threshold of hearing
(see Figure 10). Sometimes, it is not even necessary to
add additional amplification after scaling is performed,
since the output power could be very well above the
comfortable listening level.
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Discrete design of a low-cost isolated
3.3- to 5-V DC/DC converter

By Thomas Kugelstadt

Senior Applications Engineer

Isolated 3.3- to 5-V converters are often required in long-
distance data-transmission networks, where the bus-node
controller operates from a 3.3-V supply to conserve power
while the bus voltage is 5 V to maintain signal integrity
and to provide high drive capability over long distances.
Although isolated DC/DC converter modules for 3.3- to
3.3-V and 5- to 5-V conversion are readily available on the
market, 3.3- to 5-V converters in integrated form are still
hard to find. Even if a search for the latter proves success-
ful, these specific converters—in particular, those with
regulated outputs—often possess long lead times, are
relatively expensive, and are usually limited to certain
isolation voltages.

A discrete design can be a low-cost alternative to inte-
grated modules if an application requires isolation voltages
higher than 2 kV, converter efficiency higher than 60%, or
reliable availability of standard components. The drawback
of designing a discrete DC/DC converter is that it requires
a great deal of work—choosing a stable oscillator structure
and break-before-make circuit, selecting good MOSFETs
that can be driven efficiently by standard logic gates, and
performing temperature and long-term-reliability tests.
This entire effort costs time and money. Therefore, before
rushing into such a project, the designer should consider
the following: Integrated modules have usually passed tem-
perature tests and have met other
industrial qualifications. These
modules not only represent the
most reliable solution but also
provide a fast time to market. Vg

Figure 1. Isolated 3.3- to 5-V push-pull converter

The discrete DC/DC converter design in Figure 1 uses
only readily available, standard components (such as logic
ICs and MOSFETS) for the transformer driver and an LDO
for a regulated output voltage. While this circuit has been
prototyped with through-hole components, thus making
its form factor larger than that of integrated modules, the
board space can be drastically reduced by using TI’s Little
Logic™ devices.

The main benefits of this design are its low bill of mate-
rial (BOM) and the freedom to choose an isolation trans-
former for isolation voltages ranging from 1 to 6 kV. The
goal is to offer a low-cost alternative to fully integrated
DC/DC converters with regulated outputs, and to stand-
alone transformer drivers (usually priced at around $1.80),
by making the transformer-driver stage as inexpensive as
possible.

Operation principle

Low-cost, isolated DC/DC converters are commonly of the
push-pull driver type. The operation principle is fairly sim-
ple. A square-wave oscillator with a push-pull output stage
drives a center-tapped transformer, whose output is recti-
fied and made available in regulated or unregulated DC
form. An important, functional requirement is that the
square wave must have a 50% duty cycle to ensure

P

Converters with unregulated
output are priced at around
$4.50 to $5.00 each in quantities
of 1000 units, while converters
with regulated output often cost
twice as much, approximately
$10.00 or more. Thus, it makes
sense to purchase a converter
with unregulated output and
either buffer the output with
bulk capacitance or feed it into a
low-cost, low-dropout regulator
(LDO) such as the Texas
Instruments (TI) TPS76650 at
around $0.50.

U3
Vin  Vour +Vour
GND (Isolated)
Cour

% —Vour
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symmetrical magnetization of the transformer core.
Another requirement is that the product of magnetizing
voltage (E) and magnetizing time (T), known as the ET
product and measured in Vs, must not exceed the trans-
former’s characteristic ET product specified by its manufac-
turer. A break-before-make circuit following the oscillator
must also be implemented to prevent the two legs of the
push-pull output stage from conducting simultaneously
and causing a circuit failure.

The discrete design

The well-known three-inverter-gate oscillator, consisting of
Ula, U2a, and U2b, has been chosen because it is stable
with supply variations. Its nominal frequency is set to

330 kHz through a 100-pF ceramic capacitor (Cpgp) and
two 10-kQ resistors (Rpge; and Rpgge). The oscillator
possesses a duty cycle of close to 50% and a maximum
frequency variation of less than +1.5% across a 3.0- to
3.6-V variation in supply voltage. Figure 2 shows the wave-
forms at the summing point of Rgg; and Rpges (TP1) and
at the oscillator output (TP2). All voltages are measured
with respect to circuit ground.

Two Schmitt-trigger NAND gates (Ulc, Uld) perform a
break-before-make function to avoid overlapping of the
MOSFET’s conducting phases. Two other NAND gates
(U2c, U2d) are configured as inverting buffers, generating
the correct signal polarity necessary to drive the n-channel
MOSFETs (Q1, Q2). The complete break-before-make
action is shown in Figure 3. To accommodate the limited
drive capability of standard logic gates, the MOSFETs have
been selected for their low total charge and their fast
response times.

The isolation transformer (T1) has a secondary-to-
primary winding ratio of 2:1, a primary inductance of
0.9 mH, and a guaranteed isolation voltage of 3 kV. The
input and output waveforms of the transformer are shown
in Figure 4.

Figure 4. Transformer waveforms

Power Management

Figure 2. Oscillator waveforms at TP1 and TP2
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The two diodes (D1, D2) are fast Schottky rectifiers per-
forming a full-wave rectification while providing low forward
voltage at full load current (Vpy < 0.4 V at 200 mA). It is
possible to take the output voltage directly from a bulk
capacitor (Cb3) following the diodes. In this case, the out-
put is unregulated but provides the maximum efficiency of
the DC/DC converter. However, the designer must ensure
that the maximum supply of the affected circuitry is not
exceeded, which can easily occur under low-load or open-
circuit conditions. If the unregulated output voltage under
minimum load proves to be too high, it is necessary to use
a linear regulator after the full-wave rectifier to provide a
stable output supply.

The main benefit of a linear regulator is the low ripple
output. Other benefits include short-circuit protection and
overtemperature shutdown. The main drawback, however,
is a significantly reduced efficiency.

Figure 5 shows the ripple of the circuit in Figure 1 at an
output voltage of 4.93 V, and Figure 6 compares the circuit’s
efficiency with that of an integrated DC/DC module with
regulated output.

Table 1 on the next page provides an approximate BOM
for the discrete converter. Note that the values of the
bypass capacitors are larger than the 10 nF' commonly
implemented in low-speed applications. This is because
high-speed CMOS technologies such as AHC, AC, and LVC
possess high dynamic loading, so the values for bypass
capacitors must be 0.1 pF or higher to assure proper
operation. This is of particular importance for the inverter
buffers driving the MOSFETSs, where the bypass capacitor
is 0.68 pF.

Figure 6. Efficiency comparison

Texas Instruments Incorporated

Conclusion

Where board-space constraints are not an issue, the dis-
crete design of an isolated 3.3- to 5-V DC/DC converter
with regulated output can present a viable low-cost alterna-
tive to an integrated DC/DC module with regulated output.
A major benefit of the discrete design is the freedom to
choose an isolation transformer for varying isolation-voltage
requirements.

Related Web sites

Figure 5. Output ripple at Vo7 =4.93 V
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Table 1. BOM for discrete DC/DC converter

DEVICE LABEL PAS; U:mlém DESCRIPTION COMP‘:EEQII)PRICE* QUANTITY | TOTAL PRICE* m::‘ll\l:: g::\ggf
U1 SN74AHC132 Quad Schmitt-trigger NAND 0.17 1 0.17 0.17
U2 SN74AC00 Quad NAND 0.17 1 0.17 0.17
U3 TPS76650 250-mA LDO 0.53 1 0.53 —
a1, a2 FDN335 n-channel power MOSFET 0.105 2 0.21 0.21
Rosci- Rosce 10 kQ 0SC resistor 0.04 2 0.08 0.07
Rr1. Rpp 1.54 kQ Delay resistor 0.035 2 0.07 0.07
Rg1 Rg2 150 Q Gate-drive resistor 0.035 2 0.07 0.07
Cosc 100 pF Oscillator capacitor 0.04 1 0.04 0.04
Cr1. Cpy 47 pF Delay capacitor 0.04 2 0.08 0.08
Cp1 0.1 uF Bypass capacitor 0.02 3 0.06 0.02
Cp2 0.68 pF Bypass capacitor 0.03 1 0.03 0.03
Cp3 0.1 uF LDO input capacitor 0.02 1 0.02 —
Cin: Cpa Cour 47 pF Bulk capacitor 0.12 3 0.36 0.12
D1, D2 MBR0520L Schottky diode 0.045 2 0.09 —
T TGRTI-360NARL | 1:2 transformer, 3 kV 2.31 1 2.31 —
TOTAL 4.28 1.09

*Typical price in U.S. dollars in quantities of 1000 units.
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Designing DC/DC converters based on

ZETA topology

By Jeff Falin

Senior Applications Engineer
Introduction

Similar to the SEPIC DC/DC converter topology, the ZETA
converter topology provides a positive output voltage from
an input voltage that varies above and below the output

Figure 1. Simple circuit diagram of
ZETA converter

voltage. The ZETA converter also needs two inductors Cc S LR
and a series capacitor, sometimes called a flying capacitor. Vin
Unlike the SEPIC converter, which is configured with a Q1 T
standard boost converter, the ZETA converter is config- . o s
IN

ured from a buck controller that drives a high-side PMOS
FET. The ZETA converter is another option for regulating
an unregulated input-power supply, like a low-cost wall

wart. To minimize board space, a coupled inductor can be
used. This article explains how to design a ZETA converter =
running in continuous-conduction mode (CCM) with a

coupled inductor.

Basic operation

Figure 1 shows a simple circuit diagram of a
ZETA converter, consisting of an input capac-
itor, Cyy; an output capacitor, Coyr; coupled
inductors L1a and L1b; an AC coupling
capacitor, Cg; a power PMOS FET, Q1; and a
diode, D1. Figure 2 shows the ZETA con-
verter operating in CCM when Q1 is on and
when Q1 is off.

To understand the voltages at the various
circuit nodes, it is important to analyze the
circuit at DC when both switches are off and
not switching. Capacitor C will be in parallel
with Cqy, so C¢ is charged to the output
voltage, Voyr, during steady-state CCM.
Figure 2 shows the voltages across Lla and
L1b during CCM operation.

When Q1 is off, the voltage across L1b
must be Vip since it is in parallel with Cqyr.
Since Cqyr is charged to Vi, the voltage
across Q1 when Q1 is off is Vi + Vours
therefore the voltage across Lla is —Vqoyp
relative to the drain of Q1. When Q1 is on,
capacitor Cg, charged to Vi, is connected
in series with L1b; so the voltage across L1b
is +V]y, and diode D1 sees Vi + Vour-

High-Performance Analog Products

Figure 2. ZETA converter during CCM operation
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The currents flowing through various
L & g_ Ve Figure 3. ZETA converter's component currents during CCM
circuit components are shown in Figure 3.

When Q1 is on, energy from the input supply
is being stored in Lla, L1b, and C. L1b also

provides Iop. When Q1 turns off, L1a’s cur- i< Ts i Vi # V
rent continues to flow from current provided IN- Tout
by C¢, and L1b again provides Ip. Vor | DxTs (1-D)xTs
Duty cycle
Assuming 100% efficiency, the duty cycle, D, la1(Peak)
ing i i Iin+ 1
f(?r a ZETA converter operating in CCM is L = IN* lout
given by al
v
VIN + VOUT \ \ -
This can be rewritten as Ios NS —
D I \Y
IN _ YOUuT ) (2

1-D Ioyr  Viy

Diax 0ccurs at Viyopiny, and Dy, occurs at

VIN (max)-

Selecting passive components

One of the first steps in designing any PWM
switching regulator is to decide how much IL1a
inductor ripple current, Al ppy, to allow. Too

much increases EMI, while too little may
result in unstable PWM operation. A rule of
thumb is to assign a value for K between 0.2

|
and 0.4 of the average input current. A desired Hib

ripple current can be calculated as follows:

Desired AIL(PP) =Kx IIN

3

*Measured flowing into C¢ from Q1’s drain.

=KxI .
*lour X1y
In an ideal, tightly coupled inductor, with each inductor
having the same number of windings on a single core, the
coupling forces the ripple current to be split equally
between the two coupled inductors. In a real coupled
inductor, the inductors do not have equal inductance and
the ripple currents will not be exactly equal. Regardless,
for a desired ripple-current value, the inductance required
in a coupled inductor is estimated to be half of what would
be needed if there were two separate inductors, as shown
in Equation 4:
L1 Llb . =2 Viy <D 4)
P — ==X
i 20 Al ppy X fswminy

To account for load transients, the coupled inductor’s
saturation current rating needs to be at least 1.2 times the
steady-state peak current in the high-side inductor, as
computed in Equation 5:

I Cpy AL )
Lla(PK) — *OUT 1-D p)

Note that Ile(PK) = IOUT + AIL/Z, which is less than ILla(PK)'

Analog Applications Journal 202010 www.ti.com/aa

Like a buck converter, the output of a ZETA converter
has very low ripple. Equation 6 computes the component
of the output ripple voltage that is due solely to the capac-
itance value:

ATy eppy (8 ViNmax) )
8xCour * fswamin)y

AVGyr (PPY = (6)
where fgwmin) is the minimum switching frequency.
Equation 7 computes the component of the output ripple
voltage that is due solely to the output capacitor’s ESR:

AVESR Gy Py = AlLineep) [a ViN(max ¥ ESR, . (7)

Note that these two ripple-voltage components are phase-
shifted and do not directly add together. For low-ESR
(e.g., ceramic) capacitors, the ESR component can be
ignored. A minimum capacitance limit may be necessary
to meet the application’s load-transient requirement.

The output capacitor must have an RMS current rating
greater than the capacitor’s RMS current, as computed in
Equation 8:

I Al yeppy (8 Vingnax] 8
Cour (RMS) = 5 (8

High-Performance Analog Products
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The input capacitor and the coupling capacitor source
and sink the same current levels, but on opposite switching
cycles. Similar to a buck converter, the input capacitor
and the coupling capacitor need the RMS current rating,

VOUT
Ty rus) = o rus) = Tour \/% 9

Equations 10a and 10b compute the component of the
output ripple voltage that is due solely to the capacitance
value of the respective capacitors:

Dmax X IOUT

AVCIN (PP) = —CIN X fsw(m) (103,)
D I

AVe, PPy = max *1OUT_ (10b)

Co * fsw min)

Equations 11a and 11b compute the component of the
output ripple voltage that is due solely to the ESR value of
the respective capacitors:

AVESR —CIN (PP) = (IIN(max) + IOUT) X ESRCIN

I (11a)
_ our | peg,
1-Dpax N
AVesr_c.pp) = UiNmax) +lour) X ESR¢
11b)
lour (
= m X ESR‘CC

Again, the two ripple-voltage components are phase-shifted
and do not directly add together; and, for low-ESR capaci-
tors, the ESR component can again be ignored. A typical
ripple value is less than 0.05 times the input voltage for
the input capacitor and less than 0.02 times the output
voltage for the coupling capacitor.

Selecting active components

The power MOSFET, Q1, must be carefully selected so
that it can handle the peak voltage and currents while
minimizing power-dissipation losses. The power FET’s
current rating will determine the ZETA converter’s maxi-
mum output current.

As shown in Figure 3, Q1 sees a maximum voltage of
ViNmax) + Your- Q1 must have a peak-current rating of

az)

At the ambient temperature of interest, the FET’s power-
dissipation rating must be greater than the sum of the
conductive losses (a function of the FET's rpg.,,)) and the
switching losses (a function of the FET’s gate charge) as
given in Equation 13:

Iqiepry = Intaceky + ILineery = Iv +Iour +AlL-

Po_q1 =Py, T Fswa *+ Faate
2
=TQ1(rRMS) X IDS(on) (13)

+(ViNnamax) T Your) *Iqicpk) X Qap / Lgate * fswmax)

+VGate X QG X fSW(max)’
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where Qqp is the gate-to-drain charge, Qg is the total gate
charge of the FET, I, is the maximum drive current, and
Vgate is the maximum gate drive from the controller. Q1’s
RMS current is

Ig1crMs) = UiNgmax) +louT )% 4/ Drax

__ lour xVour
VIN (min) X RV, Dmax

The output diode must be able to handle the same peak
current as Q1, Ig; (pky. The diode must also be able to with-
stand a reverse voltage greater than @1’s maximum voltage
(Vingmax) + Vour) to account for transients and ringing.
Since the average diode current is the output current,
the diode’s package must be capable of dissipating up to
Iout % Vewp, Where Vpyp is the Schottky diode’s forward
voltage at I5yp.

(14)

Loop design

The ZETA converter is a fourth-order converter with
multiple real and complex poles and zeroes. Unlike the
SEPIC converter, the ZETA converter does not have a
right-half-plane zero and can be more easily compensated
to achieve a wider loop bandwidth and better load-
transient results with smaller output-capacitance values.
Reference 1 provides a good mathematical model based on
state-space averaging. The model excludes inductor DC
resistance (DCR) but includes capacitor ESR. Even though
the converter in Reference 1 uses ceramic capacitors, for
the following design example, the inductor DCR was sub-
stituted for the capacitor ESR so that the model would
more closely match measured values. The open-loop gain
bandwidth (i.e., the frequency where the gain crosses zero
with an acceptable phase margin of typically 45°), should
be greater than the resonant frequency of L1b and Cg so
that the feedback loop can dampen the nonsinusoidal
ripple on the output with fundamental frequency at that
resonant frequency.

Design example

For this example, the requirements are for a 12-V, 1-W
supply with n = 0.9 peak efficiency. The load is steady-
state, so few load transients are expected. The 2-A input
supply is 9 to 15 V. A nonsynchronous voltage-mode con-
troller, the Texas Instruments TPS40200, was selected,
running with a switching frequency between 340 and

460 kHz. The maximum allowed ripple at the input and
flying capacitor is respectively 1% of the maximum voltage
across each. The maximum output ripple is 25 mV, and
the maximum ambient temperature is 55°C. Because EMI
is not a concern, an inductor with a lower inductance
value was selected by using the minimum input voltage.
Table 1 on the next page summarizes the design calcula-
tions given earlier. Equations 7 through 9 and Equation 11
were ignored because low-ESR ceramic capacitors with
high RMS current ratings were used.
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Table 1. Computations for example ZETA-converter design

Power Management

BASED ON COMPUTATION
DESIGN EQUATION (ASSUMING n =1) ADJUSTED FORn =0.9 SELECTED COMPONENT/RATING
Passive Components
1 SV N/A N/A
( ) max — 12 v+9 V - / /
12V
A
(1 min = 12V 15V N/A N/A
0.57 1.33A
2 I =1A =133A ——=148A N/A
2 INimax) =127 "0 57 09 /
; _ _ 04A
(3) Desired Al pp) [at Viy(min)] =0.3x1.33A =04 A W=[),44A N/A

Lia—Lib 1 9V x0.57 189 uH 189 uHX0.9= 17.0uF Coilcraft MSD1260: 22 pH — Igys =
(4) using Vn(min) a=Llb=_x———-———=16J| HDpAx09=1/0p 1.76 A in each winding simultane-
2 0.40 Ax340kHz ously, lgar = 5 A
1 9V x0.57
) Actual Al ppy =—x——————=034A
(4) at Viy(min) LPP = 5 22 i< 340 kHz N/A
(5) I 1apk) =133 A+ 0342 150 148 A+ 0'3: A 15
1 15V x0.44
Actual Al ppy = =x ——————=045A
(4) 3t Vinimax LPP) =22 uHx 340 kHz N/A N/A
Two 10-pF, 25-V X5R ceramics and
c 044 A r one 4.7-pF, 25-V X5R ceramic to pro-
(6) 0UTImin) = 5y - =09 N/A vide good load-transient response
8x0.025 V<340 kHz and to accommodate ceramic
capacitor derating
057x1A Two 10-pF, 25-V X5R ceramics and
/% 11.2pF one 4.7-yF, 25-V X5R ceramic to
Cinmin) =——————————=11.2F = - HF,
(10a) for Ciy IN(min) = 5 0115 V/ x 340 kHz v 09 124pF accommodate ceramic capacitor
derating
Three 10-pF, 25-V X5R ceramics to
057x1A 14 pF ' ' 4
10b) f Comin =—————————=14yF ——=156pF
(10b) for C¢ Cimin) = 00712V 340 KHz 0.9 u accommodate ceramic capacitor

derating

Active Components

(12) loipk) =1-33A+1A+034 A=267A 148A+1A+034A=282A | N/A
1Ax12V 1.77A Fairchild FDC365P: —35- -

I _ “177A . _ airchi 5P: -35-V, -4.3-A,
(14) Q1(RMS) 9V <057 09 196 A 55-mQ PFET

Py qr=(1.96 A2 x 55mQ
(13) +(15V+12V)x2.82Ax22nC/0.3 Ax460kHz |Included

+8Vx15nCx460kHz =0.54 W

— Pp_pi=1Ax05V=05W N/A MBRS340: 40V, 3 A, SMC
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Figure 4. ZETA-converter design with 9- to 15-V V|, and 12-V Vg,r at1 A
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Figure 4 shows the schematic and Figure 5 the
efficiency of the ZETA converter. On the next page,
Figure 6 shows the converter’s operation in deep
CCM, and Figure 7 shows the loop response. |

Conclusion 09 =
Like the SEPIC converter, the ZETA converter is 6/

another converter topology to provide a regulated
output voltage from an input voltage that varies
above and below the output voltage. The benefits of
the ZETA converter over the SEPIC converter
include lower output-voltage ripple and easier com-
pensation. The drawbacks are the requirements for a
higher input-voltage ripple, a much larger flying ,
capacitor, and a buck controller (like the TPS40200)
capable of driving a high-side PMOS. 055 200 400 600

Ouput Current, loyt (MA)

Figure 5. Efficiency of example ZETA-converter design
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Reference Related Web sites
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“Dynamic modeling of a zeta converter with state-space www.ti.com/sc/device/TPS40200!

averaging technique,” Proc. 5th Int. Conf. Electrical
Engineering/Electronics, Compuler, Telecommuni-
cations and Information Technology (ECTI-CON)
2008, Vol. 2, pp. 969-972.

Figure 6. Operation atViy =9V and lgy;=1A
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Figure 7. Loop response atVjy =9V and 15V, and lgyt=1A
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Precautions for connecting APA outputs
to other devices

By Stephen Crump

Applications Engineer, Audio Power Amplifiers, Audio and Imaging Products

Multiple audio power amplifiers
(APAs) may be connected to
one output circuit by design, to

Figure 1. Current conduction in forward-biased body diodes
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multiplex different sources or to VDD/HPVDD VDD/HPVDD utput > VDD/HPVDD
connect an external amplifier to - > Output > '

battery life. Al P i HS'QU'I‘ GND or _‘ :» (To Low-Side FET)
save battery life. Also, one ampli- ide VSS/HPVSS G
fier output may be connected to FET VDD/HPVDD
another or to a power supply by External VDD/HPVDD
mistake. Any of these connec- Low- Voltage
tions can force APA outputs to SF'E'_T_ (S:;;‘c:r GND or VSS/HPVSS
abnormal voltages, and this can Power High Current to
damage an APA. This article Supply) —‘ GND or VSS/HPVSS
explains limits that must be GND :"’(T° High-Side FET)

. or
observed to avoid such damage. VSS/HPVSS | Output < GND or VSS/HPVSS
Damage can occur whether an

APA is active or shut down. The (a) Safe operation (b) Unsafe operation

output of most APAs is protected

with short-circuit protection

(SCP) or overcurrent protection

(OCP) when the APA is active, but the range of voltages

the APA can tolerate is still the same. Generally, voltage

forced into an APA output must be limited as follows to
avoid APA damage:

e An APA output should not be forced more than 0.3 V
above the APA’s positive power-supply voltage (VDD or
VCCO), or more than —0.3 V below its negative power-
supply voltage (ground or VSS).

e An APA output must never be forced beyond the
Absolute Maximum Ratings for supply voltages given in
the APA’s data sheet.

How APAs respond to voltages forced into
their outputs

When shut down, APAs have different resistances at their
outputs, ranging from a few ohms to several kilohms to
high impedance. If an external audio source connected to
an APA output can drive the resistance there, it will force
its voltage at the APA output.

When active, most class-AB devices have continuous-
current limiting for SCP. This kind of APA holds its output
at its intended output voltage until it is forced into SCP or
OCP by the other source. Then it continues to draw its
limit current, but its output voltage is controlled by the
other source. If the APA continues to draw its limit cur-
rent, it may overheat and go into thermal shutdown. Then

its output voltage is controlled entirely by the other source.

When the APA cools down enough, it will turn on again,
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and this cycle will continue as long as the external source
is connected.

A typical Class-D APA holds its output at its intended
output voltage until it is forced into SCP or OCP. Then it
shuts down and its output voltage is controlled by the
other source, without drawing significant current, as long
as proper voltage limits are observed. A class-D APA with
cycle-by-cycle OCP generally behaves like a continuous-
current limiter until it shuts down.

How damage occurs

If another source is connected to an APA output when it is
shut down, it will force the APA output to follow its volt-
age. If the APA is active and the other source can supply
enough current to force the APA into SCP or OCP, the
other source will then force the APA output to follow its
voltage. There are several different ways in which damage
can be done.

Forward-hiased body diode

Single-supply APAs operate between a positive power
supply, usually called VDD or VCC, and ground. Output
devices are FETs with body diodes that are reverse-biased
in normal operation. Body diodes that are reverse-biased
in normal operation (see Figure 1) can be damaged if one
of the diodes becomes forward-biased and conducts exces-
sive current. This can happen if an output of a single-
supply APA is forced more than 0.3 V above VDD (or
VCC) or more than —0.3 V below ground.

202010 Analog Applications Journal
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Figure 2. Pushing APA supply voltages beyond their limits

Output > VDD/HPVDD

High Current to
_‘ VDD/HPVDD
\ --------------
(+++) VDD/HPVDD
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GND
(a) High current to VDD/HPVDD

GND

VSS/ HPVSST (——-) VSS/HPVSS
Overcharged

High Current to
VSS/HPVSS

Output < VSS/HPVSS
(b) High current to VSS/HPVSS

Texas Instruments (TI) DirectPath™ APAs operate
between a positive power supply, usually called VDD, and
a negative rail, usually called VSS, often generated from
VDD with a switching circuit. The magnitude of VSS is
generally less than the magnitude of VDD. Some DirectPath
APAs regulate primary VDD to a lower level for their out-
puts, HPVDD, and generate a negative rail, HPVSS, from
HPVDD, to control maximum output power. If an output
of a DirectPath APA is forced more than 0.3 V above VDD/
HPVDD or more than —0.3 V below VSS/HPVSS, one of the
body diodes may become forward-biased and conduct
excessive current, which can damage the diode.

Power-supply overvoltage

Even if external source currents do not damage a body
diode, they may flow to VDD/HPVDD or VSS/HPVSS (see

Figure 2). VDD/HPVDD and VSS/HPVSS typically only
source current, so the diode currents may charge the
supply voltages beyond their absolute maximum ratings and
in turn may damage the APA and/or the supply components.

Table 1 may be helpful in understanding the different
supplies for various DirectPath APAs. Supplies for devices
not included here can be determined by comparing their
data-sheet information to this table. Supply labels may be
different from the labels shown in the table.

Related Web sites

Table 1. Comparison of supply-voltage limits for APA devices*

Analog Applications Journal

DEVICE TPA4411 TPA6130A2 TPA6132A2 TPA6136A2

Positive Supply Voltage |SVDD=1.8t04.5 |VDD=25t055 HPVDD =1.8 HPVDD =1.8
. CPVSS ~-VDD when VDD < 2.8 V**

Negative Supply Voltage | SVSS ~-SVDD CPVSS ~—2.8 V when VDD > 2.8 V HPVSS=-18 |HPVSS=-1.8

* APA outputs must never be forced beyond absolute

* For DirectPath APAs like TPA4411, this includes SV

* For DirectPath APAs like TPA6132A2, this includes

* Sometimes no absolute maximum rating is given fo

operating voltage for VDD/HPVDD should be used.
**When VDD < 2.8 V, CPVSS falls as VDD falls.

maximum ratings for supply voltages.

« For single-supply APAs, this includes VDD (or VCC).

DD and SVSS.
HPVDD and HPVSS.
r VSS/HPVSS. In these cases, the negative of the maximum recommended
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Operational amplifier gain stability, Part 2:
DC gain-error analysis

By Henry Surtihadi, Analog Design Engineer,
and Miroslav Oljaca, Senior Applications Engineer

Introduction

The goal of this three-part series of articles is
to provide readers with an in-depth under-
standing of gain accuracy in closed-loop
circuits using two of the most common opera-
tional amplifier (op amp) configurations: non-
inverting and inverting. Often, the effects of
various op amp parameters on the accuracy of
the circuit’s closed-loop gain are overlooked

| Feedback
| Network

Figure 1. Non-inverting op amp configuration with ideal
closed-loop gain of +200

B Network

Vour

and cause an unexpected gain error both in
the DC and AC domains.

This article, Part 2, focuses on DC gain error,
which is primarily caused by the finite DC open-
loop gain of the op amp as well as its tempera-
ture dependency. This article builds upon the
results obtained in Part 1 (see Reference 1), in
which two separate equations were derived for
calculating the transfer functions of non-

199 xR

inverting and inverting op amps. Part 2 pre-

sents a step-by-step example of how to calculate the
worst-case gain error, starting with finding the pertinent
data from the product data sheet. It then shows how to
use the data in conjunction with the two aforementioned
equations to perform the gain-error calculation.

In Part 3, the gain error for AC input signals will be
calculated. In the AC domain, the closed-loop gain error
is affected by the AC open-loop response of the op amp.
Part 3 will discuss one of the most common mistakes that
occur when the AC gain response is calculated.

Transfer functions of non-inverting and

inverting op amps

In Part 1 (Reference 1), the closed-loop transfer function
of the non-inverting op amp configuration in the frequency
domain was calculated. Specifically, the transfer function
was derived with the assumption that the op amp had a
first-order open-loop response. For calculating gain error,
the magnitude response is of interest. For convenience,
the result is repeated in Equation 1:

AoL_pe
1+BXAOL DC
|ACL(f)|dB:2010g = , (D
2 1
1+—2>< 5
fO (1+BXAOL7DC)
where 3 is defined as

_ VB R )

“Vour Ri+Rp’
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Also derived in the same article was the equation for
calculating the magnitude of the inverting configuration’s
closed-loop gain. The result is repeated in Equation 3:

AoL_pe
1+BxAor_pc

|Aqr, ()], =201og 3

f 1
1+—2>< 5
fO (1+BXAOL_DC)

Equation 3 uses the same variable 3 defined by Equation
2. Additionally, the variable a is defined by Equation 4:

Vi Rp

Vin  R;+Rp )

At this point, the closed-loop gain for non-inverting and
inverting amplifiers is represented by Equations 1 and 3,
respectively. These equations will be used for subsequent
analysis. The analysis of DC closed-loop circuits has been
treated in slightly different ways in References 2 to 7;
however, the results agree with this analysis.

DC gain error for non-inverting configuration

To illustrate the impact of an op amp’s finite open-loop gain
on the accuracy of DC closed-loop gain in a non-inverting
configuration, a step-by-step example will be presented on
how to calculate the gain error when the op amp is set in
an ideal closed-loop gain. An ideal closed-loop gain of 200
(1/B = 200), as shown in Figure 1, will be used. This
example focuses on using only the Texas Instruments (TT)
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OPA211 op amp, but circuit designers can repeat
the calculation with similar values from the data
sheet of any other op amp they choose.

To calculate the DC closed-loop-gain error of

Figure 2. OPA211’s simplified open-loop and closed-
loop gain curves

a non-inverting op amp, Equation 1 is evaluated 140
for zero frequency (f = 0 Hz): AC}-_DC /fo
120 v,
AoL_pe

Acr,_pc =AcqL(0Hz) =

(5) 100 T \ (/)pen-Loop Gain, Ag,
| ¥
Loop \
— Gain,
B x Ao \

1+BxAoL, pe

In the case of an ideal op amp with infinite open-
loop gain, the DC closed-loop gain of the non-
inverting configuration is reduced to

©
o
1

Voltage Gain (dB)
[=2]
o

' AOL e 1 v Gain =200 V/V or +46 dB\
AcL_DC(ideal) = Aoil[ll}%w JETy ve— (6) 40 A \\
Closed-Loop Gain,
In other words, the DC closed-loop gain is entirely 20 —— AcL_pc
determined by the external feedback network. \
From the closed-loop models of non- 0 N

inverting and inverting amplifiers in Figures 3

and 6, respectively, in Part 1 (see Reference 1), A ‘ ‘ ‘ ‘ ‘ ‘
it can be seen that the open-loop gain of the op i ey UL3 LS L UL oLl
. . . Frequency (Hz)

amp is the ratio of Vi to the input-error volt-

age, Virgr- Verg 1S the voltage difference between

the inverting and non-inverting op amp inputs. It

can also be seen as input offset voltage. In a product data configuration. The difference between these two curves is

sheet, the open-loop gain is typically expressed in decibels. the loop gain, B x Agp. Because the focus of this example

In this case, the number represents the ratio of Vi to is DC gain error, only the loop gain at low frequency

Virg In the logarithmic domain. For future calculation, (B x Ag, pc) is of interest.

Aq, pc must always be converted from decibels to V/V. As When using the data from the typical curves, designers

an example, an op amp with an open-loop gain of 106 dB should consider possible variations. To calculate worst-case

can be written in terms of V/V as values, the open-loop-gain data provided in the product
Aow_pcly 106 dB data sheet should be used. Such data are shown in Table 1

20 _10 20 —JOUT _jg9596. (7)  forthe TIOPA211/2211 op amps. As the table shows, when
VERR ’ 4 the output signal is more than 200 mV from the supply rails
Figure 2 shows the simplified open-loop gain of the and has a 10-kQ load, the typical value for the DC open-

OPA211 along with the closed-loop gain in a non-inverting loop gain is 130 dB, while the minimum ensured gainis
114 dB. To calculate the typical and the worst-case DC gain

AoL_pelyy =10

Table 1. Excerpt from Tl 0PA211/2211 data sheet

ELECTRICAL CHARACTERISTICS: Vg = +2.25V to +18V
BOLDFACE limits apply over the specified temperature range, Ty = —40°C to +125°C.
At T, = +25°C, R_ = 10kQ connected to midsupply, Vg = Vgyr = midsupply, unless otherwise noted.

Standard Grade High Grade
OPA211Al, 0PA2211Al OPA211I
PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNIT
OPEN-LOOP GAIN
Open-Loop Voltage Gain AgL | (V=) +0.2V <V <(V+)-0.2V, 114 130 14 130 dB
R, =10kQ
Ag | (V=) +0.6V<Vy<(V+)-086Y, 110 114 110 114 dB
R, = 6000
Over Temperature
OPA211 Ag | (V-)+0.6V<Vy<(V+)-0.6V, 110 110 dB
Io <15mA
OPA211 Ag | (V-)+0.6V<Vy<(V+)-0.6V, 103 103 dB
15mA <1y <30mA
OPA2211 (per channel) Ag | (V-)+0.6V <Vy<(V+)-0.6V, 100 dB
Io <15mA
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errors at room temperature, the minimum Ay, ¢ from the
data sheet should be substituted into Equation 5. Note that
in the OPA211 data sheet, “Aq;, pc” is written as “Aqy,.”

The first step in this process is to convert Aoy, p from
decibels to V/V: B

130 dB

Aow_pclyy =10 % =31622787 8)
114 dB v
A0L7DC|V/V =10 20 =501,187 v (9

A value for B of 1/200 (the ideal closed-loop gain of 200)
can be used in Equation 5 to find the typical DC gain:

~ AoL_pc

A = -
CL7D0|130 dB " 1+BxAgL pe

3,162,278 (10)
2% 199.98735

B 1
1+ 555 3,162,278

The actual minimum ensured DC gain can be found in the
same manner:

501,187

- =199.92022  (11)
1+ 501,187
200

AcL_peljyy g5 =

The DC gain error caused by the open-loop-gain value of
the op amp can then be calculated:
A . —-A
8typ _ CL _DC(ideal) CL_DC %100
ACL_DC(ideal) (12)

_ 200-199.98735
200

%100 =0.00632%

_ 200-199.92022

€max = 200

x100 = 0.0399% (13)

The actual DC closed-loop gain of 199.92 has an error of
0.0399% compared to the desired ideal gain of 200.

Texas Instruments Incorporated

Over temperature, the OPA211 is characterized to
ensure that Ag, pg is higher than 110 dB over the speci-
fied temperature range and when loaded with less than
15-mA output current, which is the absolute worst case.
For this value, in terms of V/V, 110 dB is equivalent to

110 dB
AOL_DC|V/V:10 20 :316,228%. (14)

This number can be substituted into Equation 5 to find the
absolute worst-case condition for the DC closed-loop gain:

316,228

- =199.8736  (15)
1+ 316,228
200

ACL7D0|110 aB -

The gain error for this result, 0.063%, represents a slight
degradation from the room-temperature case of 0.0399%
previously calculated in Equation 13.

DC gain error for inverting configuration

To illustrate the impact of the op amp’s finite open-loop
gain on the accuracy of DC closed-loop gain in an invert-
ing configuration, another step-by-step example will be
presented of calculating the gain error when the op amp is
set in an ideal closed-loop gain. This example will use an
ideal closed-loop gain of —200 (—o/B = —200), as shown in
Figure 3. So that results can be properly compared, the
same op amp, OPA211, will be used.

Similar to the non-inverting case, to calculate the DC
closed-loop-gain error of the inverting op amp, Equation 3
is first evaluated for zero frequency (f = 0 Hz):

AoL_Dpe
1+BxAo, pe

The negative sign indicates the inverting configuration.

In the case of an ideal op amp with infinite open-loop
gain, the DC closed-loop gain of the inverting configura-
tion is reduced to

Acr, po=AcL(0Hz)=-a (16)

AoL_pe o
A ‘ = lm —a—m—=——=-o. (17)
CL_DC(ideal) AgL po—> 1+Bx AOL_ DC B

_______________ o Network B Network
I'Feedback I
| Network 200 xR !
| VA : Vin Vour
I Veg (=== === -
| RO\ !
: R 200 xR
o ___ I ——oVour
Ves Ves
VIN
= 200 x R R
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As in the non-inverting configuration, the DC closed-loop
gain is entirely determined by the external feedback
network.

With the same open-loop-gain specifications of 130 dB
(typical) and 114 dB (minimum) at room temperature,
and 110 dB (minimum) across the specified temperature
range—i.e., the worst case—the same calculations can be
done for the inverting configuration as were done for the
non-inverting configuration. For an inverting amplifier
with an ideal closed-loop gain of —200 (—o/p = -200), the
coefficients o = 200/201 and B = 1/201 can be used for the
following three gain calculations.

e Typical DC gain:

. DoL_pc
1+BXAOL_DC

200 3,162,278
201

ACL_DC|130 aB -

(18)

1
1+2T)1><3,162,278
=-199.98729

e Minimum ensured DC gain at room temperature:

200 501,187

Acupelugas =700 T 1
SR 01y L cogr (19)

201
=-199.9198

e Worst-case DC closed-loop gain over temperature:

200 316,228

AcL_DClj10 s BT 1

1+ (20)

x 316,228

201
=-199.87296

Amplifiers: Op Amps

The DC gain error caused by the variation of the open-
loop-gain value of the op amp can then be calculated:

_ AcL_Dpogideal) ~AcL_DC

Ctyp = %100
ACL_DC(ideal) o
_200-199.98729 .0 _  00636%
200
£ :2%%339198“00:0.0401% (22)

The calculated absolute worst-case condition over tem-
perature for the DC closed-loop gain for the inverting
configuration is 0.0635%, compared to 0.0632% for the
non-inverting configuration. This example shows that the
difference between the non-inverting and inverting config-
urations is minimal and in many cases can be ignored.

Normalized open-loop gain versus temperature

It should be clear at this point that the DC closed-loop gain
is determined by the DC open-loop gain (Agy, pe) of the
op amp. Thus, the stability of the DC open-loop gain
determines the stability of the DC closed-loop gain. The
stability of the open-loop DC gain is determined by many
factors, such as the power-supply rejection ratio (PSRR),
the temperature, and process variations.

Figure 4 shows the OPA211’s normalized DC open-loop
gain versus temperature. Note that the changes in open-
loop gain are shown in 1V/V. As an alternative to repre-
senting changes in Agj, e with decibels as before, Agy, pe
can also be represented in terms of 1V/V. This representa-
tion shows the ratio of the op amp’s change in input voltage
(error or offset) to the change in its output voltage. In

Figure 4. OPA211's normalized DC open-loop gain versus temperature
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other words, the nV/V values have an inverse correlation
to the decibel values. As an example, an op amp with an
open-loop gain of 199,526 V/V can be written in terms of
decibels as

Vour v
AOL_DC VAl = VERR = 199, 526 v (23)

and
Vour
Aop,_o|, = 20108 oL = 20108 (199,526) = 106 4B. (24)

In terms of pV/V, the same gain is written as

Verr =~ 1

_ _5012 Y
AOL—DCLV/V " Vour 199,526 =h012% (28)

Figure 4 shows how the OPA211’s Ay, pe (in terms of
nV/V) may change over temperature. For a device with a
given Aq, pc at room temperature (25°C), Agy, pe will
typically change less than 0.25 pV/V in the specified
temperature range (—40°C to 125°C). For example, if the
typical Agy, e performance is 130 dB, or 0.32 pV/V, at
room temperature, then over the specified temperature
range, Ag, pc may typically vary between 0.32 nV/V and
0.57 pv/v. To ensure stable operation over temperature,
the minimum gain is as follows:

A _Verr 1 ony386~  (26)
oL_nclyy = T, ~GETRY L1480

AoL,_poly, =20108(1754,386) = 12488 dB (27)

This is equivalent to an Ag;, pg ranging from 124.88 dB to
130 dB. Keep in mind that these are typical data. It is sug-
gested that, during the circuit-design process, the designer
not use typical values but instead use minimum ensured
values published by the op amp’s manufacturer.

Note that none of the calculations in this article include
other factors that also affect Ag;, pe, such as the PSRR or
the common-mode rejection ratio. The procedure to
include these types of errors is similar: Simply add the
additional error to the Agy, p term and recalculate the
closed-loop DC gain.

Conclusion

Part 1 of this article series explored general feedback-
control-system analysis and synthesis as they apply to
first-order transfer functions. The analysis technique was
applied to both non-inverting and inverting op amp circuits,
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resulting in a frequency-domain transfer function for each
configuration. Part 2 has shown how to use these two
transfer functions and manufacturer data-sheet specifica-
tions to analyze the DC gain error of a closed-loop op amp
circuit. This analysis also took into consideration the tem-
perature dependency of the open-loop gain as well as its
finite value. Part 3 will explore the frequency dependency
of the closed-loop gain, which will help designers avoid the
common mistake of using DC gain calculations for
AC-domain analysis.
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