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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 Interface (Data Transmission)
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.
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Data Acquisition

How the voltage reference affects
ADC performance, Part 1

By Bonnie Baker, Senior Applications Engineer,
and Miro Oljaca, Senior Applications Engineer

Introduction

When designing a mixed-signal system, many designers
have a tendency to examine and optimize each component
separately. This myopic approach can go only so far if the
goal is to have a working design at the end of the day.
Given the array of different components in a system,
designers must have a complete understanding of not only
the individual components but also their impact on the
overall system performance. When a design has an analog-
to-digital converter (ADC), it is critical to understand how
this device interacts with the voltage reference and voltage-
reference buffer.

This article is the first of a three-part series. Parts 2 and
3 will appear in future issues of the Analog Applications
Journal. Part 1 looks at the fundamental operation of an
ADC independently, exactly as many designers do, and then
at the performance characteristics that have an impact on
the accuracy and repeatability of the system. Part 2 will
delve into the voltage-reference device, once again examin-
ing its fundamental operation and then the details of its
impact on the performance of the ADC. Part 3 will investi-
gate the impact of the voltage-reference buffer and the
capacitors that follow it, and will discuss how to ensure
that the amplifier is stable. Assumptions and conclusions
will be compared to measurement results. The interplay
between the driving amplifier, voltage reference, and con-
verter will be briefly analyzed, followed by an investigation
of the sources of error in the ADC’s conversion results.

The fundamentals of ADCs

Figure 1 shows the voltage-reference system for the
successive-approximation-register (SAR) ADC that will be
examined in this three-part series. As the name suggests,
the ADC converts an analog voltage to a digital code. The
overall system accuracy and repeatability depend on how
effectively the converter executes this process. The accu-
racy of this conversion can be defined with static specifica-
tions, and the repeatability with dynamic specifications.
Generally, the ADC static specifications are offset-voltage
error, gain error, and transition noise. The ADC dynamic
specifications are signal-to-noise ratio (SNR), total
harmonic distortion (THD), and spurious-free dynamic
range (SFDR).

Static performance

Figure 2 shows an ideal and an actual (or non-ideal) trans-
fer function of a 3-bit ADC. The actual transfer function
has an offset-voltage error and a gain error. In the example
application circuit, only the ADC gain error, transition
noise, and SNR are of concern.
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Figure 1. Voltage-reference system for SAR ADC
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Figure 3. Transition noise with a 3-bit ADC
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Equation 1 describes the typical transfer function of the
ideal (error-free) ADC:
211
COde = VIN X y (1)
VREF

where “Code” is the ADC output code in decimal form, Viy
is the analog input voltage (in volts), n is the resolution of
the ADC (or number of output-code bits), and Vygp is the
analog value of the voltage reference (in volts). This equa-
tion demonstrates that the ADC output code is directly
proportional to the analog input voltage and inversely
proportional to the voltage reference. Equation 1 also
shows that the output code depends on the number of
bits (the converter resolution).

The DC errors of non-ideal ADCs are offset-voltage error
and gain error. If the offset-voltage error is introduced into
the transfer function, Equation 1 can be rewritten as

211
COdez(VIN _VOS_ADC)XV ) (2)
REF

where Vog apc is the input offset voltage of the ADC. Gain
error is eql_lal to the difference between the ideal slope from
zero to full scale and the actual slope from zero to full scale.
The notation for gain error is a decimal or percentage. If
the impact of only the gain error (no offset-voltage error)
on an ADC is considered, Equation 1 can be rewritten as

211
T o 3)
Vier (1-GExpc)
where GE,p is the gain error in decimal form,
expressed as

Code =V x
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Actual Gain — Ideal Gain
Actual Gain '

GEADC =

From Equation 3 it can be seen that the gain-error factor
adds to the initial accuracy of Vygp. The output code is
inversely proportional to the combination of the voltage
reference plus the gain error. The DC error caused by
noise from the voltage-reference chip inversely impacts the
gain accuracy of the ADC. Part 2 of this series will specifi-
cally show the impact of the voltage reference’s errors.

Equations 2 and 3 can be combined to show the final
transfer function:

21‘[

Vrer (1-GEypc)

To analyze ADC transition noise, the code transition
points in the ADC’s transfer curve can be examined. These
are the points where the digital output switches from one
code to the next as a result of a changing analog input
voltage. The transition point from code to code is not a
single threshold but a small region of uncertainty. Figure 3
shows the uncertainty at these transitions that results
from internal converter noise. The region of uncertainty is
defined by measuring repetitive code transitions from
code to code.

An ADC’s transition noise has a direct effect on the
signal-to-noise ratio (SNR) of the converter. Since it is
important to understand this phenomenon, Part 2 of this
series will look more closely at voltage-reference noise
characteristics.

Code = (Viy =Vos _apc )X C))
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Dynamic performance

The total system noise from the circuit in
Figure 1 is a combination of the inherent
ADC noise, the noise from the analog input-
buffer circuitry, and the reference input-
voltage noise. Figure 4 shows a simplified
internal circuit of a SAR ADC.

To determine the dynamic performance of
an ADC, a fast Fourier transform (FFT) plot
of the converter’s output data can be used.
An FFT plot can be calculated from a con-
sistent clocked series of converter outputs.
The FFT plot provides the SNR, the noise-
floor level, and the spurious-free dynamic
range (SFDR). In the example application
circuit, only the SNR specification is of
interest. Figure 5 provides an FFT plot of
these specifications.

A useful way of determining noise in an
ADC circuit is to examine the SNR (see
Figure 5). The SNR is the ratio of the root
mean square (RMS) of the signal power to
the RMS of the noise power. The SNR of the

Figure 4. Simplified topology of a SAR ADC
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FF'T calculation is a combination of several noise sources,

The total harmonic distortion (THD) quantifies the

which may include the ADC quantization error and the
ADC internal noise. Externally, the voltage reference and
the reference driving amplifier contribute to the overall
system noise. The theoretical limit of the SNR is equal to
6.02n + 1.76 dB, where n is the number of ADC bits.

amount of distortion in the system. THD is the ratio of the
root sum square (RSS) of the powers of the harmonic com-
ponents (spurs) to the input-signal power. For example, in
Figure 5, the harmonic components are labeled “2nd”
through “6th.” An RSS calculation is also known as the

Figure 5. FFT plot with 8192 data samples from a 16-bit converter
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square root of the sum of the squares of several values.
Spurs resulting from the nonlinearity of the ADC appear
at whole-number multiples of the input signal’s frequency
(the fundamental frequency). Most manufacturers use
the first six to nine harmonic components in their THD
calculations.

If the ADC creates spikes in the FFT plot, it is probable
that the converter has some integral nonlinearity errors.
Additionally, spurs can come from the input signal through
the signal source or from the reference driving amplifier. If
the driving amplifier is the culprit, the amplifier may have
crossover distortion; or it may be marginally stable, slew-
rate-limited, bandwidth-limited, or unable to drive the
ADC. Injected noise from other places in the circuit, such
as digital-clock sources or the frequency of the mains, can
also contribute spurs to the FF'T result.

The combination of the converter’s SNR and THD can
be used to determine the signal to noise and distortion
(SINAD) of the device. Many engineers refer to SINAD as
“THD plus noise” or “total distortion.” SINAD is an RSS
calculation of the SNR and THD; i.e., it is the ratio of the
fundamental input signal’'s RMS amplitude to the RMS sum
of all other spectral components below half the sampling
frequency (excluding DC). While the SAR converter’s theo-
retical minimum for SINAD is equal to the ideal SNR, or
6.02n + 1.76 dB, the working SINAD is

SINAD (dB) = —201og 10~ SNR/10  1gTHD/I0 5y

SINAD is an important figure of merit because it provides
the effective number of bits (ENOB) with a simple
calculation:

ENOB:SINAD—I.76 dB (6)
6.02
In an FF'T representation of converter data, the average

noise floor (see Figure 5) is an RSS combination of all the
bins within the FF'T plot, excluding the input signal and
signal harmonics. The number of samples versus the num-
ber of ADC bits can be chosen so that the noise floor is
below any spurs of interest. With these considerations, the
theoretical average FFT noise floor (in decibels) is

FFT Noise Floor = 6.02n +10 1og(3—M),

nx ENBW
where M is the number of data points in the FFT, and
ENBW is the equivalent noise bandwidth of the FF'T
window function. A reasonable number of samples for the
FFT of a 12-bit converter is 4096, which will result in a
theoretical noise floor of —107 dB.

Conclusion

The ADC specifications that impact the application circuit
in Figure 1 are gain error, transition noise, and SNR. Part 2
will examine the voltage reference’s DC accuracy and noise
contribution to the system performance.
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Taming linear-regulator inrush currents

By Jeff Falin

Senior Applications Engineer

Many older linear regulators and some regulators
specifically designed for fast start-up require signif-
icant inrush current at start-up to charge their
output capacitors and to provide current to their
resistive loads. The relationship Ij,..sn = Cour X
Vour/trise Predicts the regulator’s required input
current at start-up for a given rise time, ty;g., Wwhere
Coyr 1s the regulator’s output capacitance. With

no inrush-control (commonly called “soft-start™)
circuitry, Iy,.n 1 clamped to the regulator’s current
limit, which is typically significantly higher than the
regulator’s rated current. If the input power supply
is current-limited or connected by long inductive
traces, the voltage at the regulator’s input will
droop, possibly below that of the regulator’s under-
voltage lockout (UVLO) circuit. Figure 1 illustrates
how this causes the regulator to “stair step” or

Figure 1. Older regulator with 2.5-V UVLO ratcheting
up to regulation with no load

Wiy =33V (1Vidiv)
il T L i ' : +

Regulator © Vpyr = 1.2V (500 mV/div)
uvLO

Regulator
Shuts Off

A4

v

lour (500 mA/div)

ratchet its way up to regulation, shutting down >~ “w
momentarily while the input capacitor recharges, -
then starting up again. : :
In the past, start-up problems were common for Time (200 ps/div)
linear regulators and can still occur when the output
capacitance seen by the regulator is large. End-
equipment designers need to take into account how
linear regulators handle inrush current, especially if the the inrush current of linear regulators designed for fast
selected regulator has no inrush-current control other start-up, like the Texas Instruments (TI) TPS734xx/bxx,
than clamping to its current limit. which have a high power-supply ripple rejection (PSRR),
Additional circuitry can be configured to manage inrush low noise, and an ultralow [,. Figure 2 shows how adding a
current for any regulator or converter. Simply by adding a FET and some passive circuitry to the TPS73525 provides
FET and some passive elements following the regulator’s or greater control over the inrush current. Ijy is measured
converter’s output voltage, the designer can shape the between the regulator input pin and the input capacitor
FET’s turn-on characteristic and the output-voltage wave- because both the capacitor and the input power supply

form. For example, a designer has minimal control over

Figure 2. FET following the TPS73525 to provide inrush-current control

will supply the inrush current.

Inrush-Current-Control Circuitry

1
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Note that in Figure 3 the amplitude and duration of the
initial current spike are significantly reduced compared to
those in Figure 4 because the output sees only the 2.2-nF
capacitor instead of the 100-pF capacitor. Surprisingly,
capacitor C5, providing additional FET gate-to-drain capac-
itance, and resistor R1 set the soft-start time. Reference 1
explains in detail how the additional circuit works, how to
choose the FET, and how to size the passive elements.

Some regulators use a topology that has inherent inrush-
current control. For example, the TI TPS732xx/4xx/6xx
family of linear regulators has an internal charge pump that
is needed to drive the gate of the n-channel pass element.
At start-up, the charge pump needs a finite amount of
time—several hundred microseconds—to charge the
internal servo capacitor, which in turn charges the n-FET’s
gate capacitance. Figure 5 shows the TPS73633 output

Texas Instruments Incorporated

voltage and inrush current at start-up with Coyp = 1 pF
and 10 pF.

Even though these linear regulators have an 800-mA
maximum current limit, the inrush current never exceeds
150 mA, after a brief spike to 300 mA, even with a 10-pF
output capacitor.

From the relationship Ij,.usn = Cour X Vour/trises and by
comparing the output voltage rise times in Figures 4 and 5,
one can see that there is an inverse relationship between
the output-voltage ramp time and the inrush current.
Therefore, in recent years, IC manufacturers have devel-
oped linear regulators with user-controllable Vi ramp
time (soft start), not only to manage inrush current but
also to meet the power-rail ramp-time requirements of
certain DSPs and FPGAs. The simplest integrated soft-start
method, used by the TI TPS74x01 family of regulators, is

Figure 3. TPS73525 starting up into 100 pF
without FET

EN
(5 Vidiv)

Vour
(1 vidiv)

Time (200 ps/div)

Figure 4. TPS73525 starting up into 100 pF
with inrush-current-control FET

EN (5 V/div)

Vour (1 Vidiv)

I,y (500 mA/div)

Time (500 ps/div)

Figure 5. TPS73633 starting up with Coyt =1 pF
and 10 pF

EN (5 V/div)

P Vour (2 Vidiv),

Cour =\: uF
N
Vour (2 V/div),

P Cour =10 F

I,y (100 mA/div),
W Coutr =10 uF

X1, (100 mA/div),
Cout=1uF

Time (100 ps/div)
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Figure 6. TPS74901 soft starting with
ch =560 pF and 2200 pF, and COUT =10 "F

Power Management

Figure 7. TPS72015 starting up at different
loads (Ry)

EN (5 V/div) EN (5 V/div)
Vour (1 Vidiv), b Vour ((1: Vi di_").‘; BLz309,
24 e Cgs = 2200 pF out < &4 H
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Iy (200 mA/div), —
y Iy (500 mA/div), R, =10 Q,Coyr = 10 pF Ny
-+~ "Ces = 560 pF ——
P Y\ Iy (500 mA/div), ] " 1y (200 mA/div),
Css = 2200 pF R, =30 Q, Coyr = 2.2 pF
Time (500 ps/div) Time (20 ps/div)
to slowly ramp the error amplifier’s internal reference volt- Conclusion

age following an enable signal. The IC uses an external
capacitor (Cqg) on the soft-start pin and an internal
constant-current source (Igq) to linearly charge this
capacitor, which is initially tied to the regulator’s error
amplifier. Once the capacitor is charged to the same value
as the internal reference voltage, Vgypp, the IC switches the
error-amplifier connection to the internal reference.
Therefore, without affecting regulation, the designer can
set the soft-start time as predicted by a simple equation,
tss = Vrir % Cgs/lgg, by adjusting the capacitor value.
Figure 6 shows the TPS74901 output voltage and current
at start-up, with two different soft-start capacitors and
COUT =10 }IF

This soft-start method is very common and works as
predicted for start-up loads that are primarily capacitive
and not resistive. When the start-up load has resistive
loading, the method still works, but the ramp (soft-start)
time is a bit longer than predicted by the tgg equation.

TT’s low-1;, dual-rail, 350-mA TPS720xx linear regulator
addresses simultaneous capacitive and resistive loads with
a novel, internal architecture that limits inrush current.
Instead of being clamped to an overcurrent-limit value as
with older regulators, the current drawn from the input to
the output is limited to a lower value,

Tnpush_Limit = Ir, + Cour (MF) x0.0455 (Vius),

where IRL is the start-up resistive loading. Figure 7 shows
the TPS72015 starting up at different fixed resistive loads
with Copr = 2.2 nF and 10 pF. The soft-start circuitry
scales the soft-start current proportionally with Cqyp S0
that the start-up time is virtually independent of Cqyp.
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Historically, design engineers chose linear regulators for
their low cost, simplicity, low noise, and high PSRR. Rarely
did engineers consider a regulator’s ability to control
inrush current at start-up until after the choice was made.
This oversight sometimes rendered the input power sup-
ply unable to supply enough start-up current, especially if
the regulator had a large output capacitance. To continue
going forward, designers had to use external circuitry to
provide inrush-current control. Today, however, they can
choose from a new generation of linear regulators with
integrated soft start/inrush-current control. Taking soft
start into consideration early in the design phase provides
a problem-free system with controlled, predictable inrush
current at start-up.
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Designing a linear Li-lon battery charger
with power-path control

By Charles Mauney

Senior Systems/Applications Engineer,

Battery Management and Charging Solutions

In theory, a linear battery charger with a sepa- .

rate power path for the system is a fairly simple I s (AT G POLOE ) O LT GIR BIETRT

design concept and can be built with an LDO

adjusted to 4.2 V; a current-limit resistor; three Adapter or ! Internal to IC

. | Q1
p-channel FETSs to switch the system load USB Input o Vour
between the input power and the battery source; Vin 10T

and some bias parts. In reality, there is much
more to a good design than the basic topology.

This article will discuss dynamic power-path Charger

Control Loops,
management (DPPM) and explore safety features Logic, and
that turn a basic topology into a complete design. Drives

|

|

|

I

|

|

|
IR
| System
|

|

|

|

|

has two power-source pins,Vpy and Vgap. The
charger can be programmed for either a USB I
input or an adapter input. The design concept is gr’:d'"D”r‘i’:; 's"p”t Control Loops, |

to always power the system if power is available, l -[
either from Vg or Vpap, unless the system is pro- GND GNDI :
grammed to shut down. The input FET regulates |
the output voltage and will also limit the input | ~====~=~&@————————--————— 4
current to the programmed level if the load is
excessive. The battery FET has control loops
associated with charging the
battery and allowing the
battery to power the system.
The input controls and bat-

Program Input for USB or

Adapter Current Sense Battery

|
|
|
|
|
|
|
|
|
|
The DPPM topology is shown in Figure 1 and I
|
|
|
|
|
|
|
i
|

Figure 2. Discrete charger with battery-supplement mode

tery controls act indepen- Ryimit 4.2 VDC
dently and are discussed in VWA Vin Vour *
more detail later. LDO

Figure 2 shows a charger Adj. R5

solution with a discrete
power path. The LDO pro-
vides the regulated output
voltage, and the input-

current-limit resistor limits

the maximum current that Vine

can be delivered to the bat- Input

tery. D1, R1, R4, and Q1 stgfgf

monitor the input voltage and

turn on Q2 and Q3 if input GND Rsystem %

source power is present,
connecting the input to the
system load. If input source
power is not present, Q5 and
Q4 are biased on so the bat- Battery
tery will provide power to the
system load. This state will
hereinafter be referred to as
“battery-supplement mode.”
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This charger solution is simple and discrete
but has many limitations and few safety features.
Adding any safety feature will quickly drive up
the solution cost but often may offset the liabil-
ity cost of an unprotected design. LDOs are typ- 1kQ
ically not highly accurate regulators, especially 1kQ %
with external programmable resistors. If the W
regulation was set lower to ensure that the maxi- 7 9
mum battery voltage was not exceeded, the typ- PGOOD CHG
ical voltage and capacity would be lower. The bq24075 Ve to
crude current-limit resistor would allow more ~ 13[IN OUT|10 _ s%{em -
current at lower battery voltages and would not _L J_'_[ 1L g
provide a conditioning current to help recover 1uF Enz|s l‘” uF
depleted cells or to prevent cell damage from P -

excessive charging. s = Vear 2
ystem

Figure 3. Typical integrated application with
bq24075 charger

+

.||_ 0|
.||_

. . . . 15
Typical integrated application On/Off ——= SYSOFF I4 7 uF
bq24075, a charger with a highly integrated TMR s
i 1.18 kQ =1.13 kQ Pack—
Programmed input-source protection

. Control
Figure 3 shows the Texas Instruments (TI) Temp |pack+
ISET
power path in a 3 x 3-mm, 16-pin QF'N package. 16
The only external components required are two
external programming resistors and three capaci- i
tors for the power sources. = S =
The input-current limit is programmed with the
EN1/2 pins to one of four states: 100 mA, 500 mA,

ILIM, or Suspend, as shown in Figure 4. A resistor can be source, this feature solves the problem of the system
used to program ILIM at any level up to the device’s maxi- overloading the adapter or the USB source, which could
mum input current. When current-limited, the input FET potentially damage the source or device. More power-
restricts the current to the OUT pin, causing the system management details are presented later under “DPPM
voltage to drop to the DPPM threshold or to the battery protection of output voltage.”
voltage where the charge current will be reduced. Assum- If a current-limited source such as a weak or wrong
ing that the protection was designed for the applied adapter or USB is used, the adapter and system voltages
Figure 4. Input-FET control loops
: bq24075 I
|
IN— -ouT
: Short S |
| | Detect I
|
| |
| USB 100 mA +/\\\ l
| USB 500 mA /\\M l
M I 'usB Suspend VREF—IL'M I I
| s |
I |
I |
| 1 :
EN2-
V, |
EN1 : OUT_Reg _ » |
| |
| r '
| |
|
| ®
I Charge Pump |
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will drop, causing the IC to enter DPPM mode or battery-
supplement mode. Basing DPPM on the output voltage
solves most loading issues by reducing the charge current,
giving priority to the system load, and allowing operation
with a weak power source or minor AC brownouts. Other
input-current-management solutions without DPPM would
not detect the weak source or reduce the charging current,
and the system would crash.

The Viy 1,0w INput loop provides additional protection for
a weak source when in USB 100/500-mA mode. This loop
monitors the voltage on the USB input pin; and, if it drops
to ~4.5V, Q2 enters its linear range to keep the USB input
voltage from dropping any further, as shown in Figure 5.
This voltage loop is independent of the input-current-limit
loop. This feature adds protection for the USB host in the
event that it cannot deliver the load current because of a
weak source or failed communication. In Figure 5, Iy
starts with no load and, at ~250 mA, the current limit of
the weak source causes the source voltage to fall to 4.5V,
where the Viy 1w lo0p kicks in and the system output
voltage drops about 100 mV to the DPPM threshold. The
charge current is reduced as the load is increased to main-
tain the input at 4.5 V. As the load is reduced, the system
returns to normal operation.

DPPM protection of output voltage

The output voltage powering the system will drop if the
system load current and the battery charge current
exceed the available input current. The input current can

Figure 5. Vi | o,w USB protection with source-
current limit at 250 mA

Vi (1 Vidiv)

Vour (1 Vidiv)

[¢—————— DPPM Mode ———————»,
I I

Igar (1 A/div)

loyt (1 A/div)

Time (100 ms/div)
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be restricted by the source, the Viy |4 loop, or the input-
current-limit setting of the IC. If the output voltage drops
to the DPPM threshold, the charge current will be reduced
to keep the voltage from further decay. This allows the use
of a less expensive adapter because the charging current
is reduced during peak loads.

If the system current exceeds the available input current,
the output voltage will drop to the battery voltage and
enter battery-supplement mode, in which the battery FET
turns on and supplements the input current going to the
system. This allows use of the battery to supplement large
current pulses to the system, which the charger is not
capable of supplying. Figures 6 through 8 show the wave-
forms of the TI bq24072/3/4/5 where the output voltage
drops first into DPPM mode and then into battery-
supplement mode.

Figure 6 shows the waveforms of the bq24072 with Voyr
initially regulated to about 225 mV above the battery volt-
age. Upon reaching the input-current limit after the first
load step, the IC enters DPPM mode, which reduces the
charge current to keep the output voltage from dropping
below the DPPM threshold. After the second load step,
the system load is greater than the input limit. The output
voltage drops to just below the battery voltage, and the
battery FET turns on and supplements the input current to
the system load. Note that the voltage transitions between
modes are very small and are best for applications that are
sensitive to voltage changes.

Figure 6. bq24072 DPPM and battery-
supplement modes with Vgar =3.1V

Viy (1 Vidiv)

R DPPM Mode —»|
h

1 1

f 1 Battery- 1 1
| —>»| Supplement [«— i
N | Mode

Vour
(1 vidiv)

Igar (1A/div)

loyt (1 Aldiv)

[} !

Vour = 3.325 V

Vear= 3.1V
DPPM at 3.225 V

Time (200 ms/div)
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The waveforms of the bq24073/4 in Figure 7 were gen-
erated under the same conditions as for the bq24072 in
Figure 6, except that the bq24073/4 regulates Vo at
4.4V and the DPPM threshold at 4.3 V. Upon entering
battery-supplement mode, the output voltage drops to just
below the battery voltage; so the lower the battery voltage
is, the larger the drop. For an application sensitive to sys-
tem voltage drops, the system load should not exceed the
available input current in order to stay out of battery-
supplement mode. An alternative is to use the bq24072.

The bq24075 waveforms in Figure 8 were generated
under the same conditions as for the bq24072 in Figure 6,
except that the bq24075 regulates Voyr at 5.5 V and the
DPPM threshold at 4.3 V. The transition between modes is
larger and dependent on the input voltage and battery volt-
age. If the input voltage is less than 5.5 V, then the regula-
tor is switched fully on to deliver what voltage is available.

Protection from shorting system V1

Shorting the Vo pin can cause excessive current from
the battery or the Vpy power source. Battery short-circuit
protection disables the battery FET if the voltage drop
from Vg to Vour is greater than 250 mV for a duration
longer than the specified deglitch time. The battery FET is
turned on periodically to check whether the short is still
present, and this hiccup mode will continue until the short
is removed. This prevents damage to the IC and solves
reliability issues.

For Vi protection, the input FET limits the input current
to 100 mA when the output voltage is less than 1 V. Once
the excessive load is removed, the output will charge above
1 V and start delivering the programmed input current.
This feature reduces the power dissipation during the out-
put short, which also improves reliability. Figure 9 shows
the waveforms of an output short and the IC’s recovery.

Figure 9 shows the waveforms that occur when the
bq24072’s output is shorted, causing the battery FET and
input FET to turn off. The input source supplies about

Figure 7. bq24073/4 DPPM and battery-
supplement modes with Vo =44V

Vaar (2 Vidiv)

Vour ! . /
)

(2 Vidiv, ] (l
—> Battery-Supplement —
! Mode !

1
) [¢—————— DPPM Mode ————————»!
lout (1 Aldiv)
Igar (1A/div) :
Vour = 4.4V
DPPM at 4.3V

Time (100 ms/div)
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90 mA to the output via the input control loop; and,
approximately every 64 ms, the battery FET is turned on
for 250 ps to check whether the short is still present.

Picking the right charger IC

The bq24072/3/4/5 ICs all charge a single-cell Li-Ion battery
properly, but they have various values for the overvoltage-
protection (OVP) threshold, the Vi regulation, and the
DPPM threshold (see Table 1). Each IC also has an

Figure 8. bq24075 DPPM and battery-
supplement modes with Vg1 =5.5V

Vour (2 Vidiv)
f———

i T E
VBAT_ ! —>» Battery- |<+— i
(2 Vidiv) ! 1 Supplement | |
| ' Mode ' |
1
| [«——— DPPM Mode —————»!
lgar (1 Aldiv) lour (1A/div)
Vour=5.5V
DPPM at 4.3V

Time (100 ms/div)

Figure 9. Output short-circuit protection

Vour RVIAV) 5 virgiv)

l e lll
Vour Short Hiccup .
c‘?UT it Start Status

ircuit Starts Check
lar (1 Aldiv)

-—_——4 i ] ——
B lout (1 Aldiv)| | '

Time (20 ms/div)

Table 1. Differences between bq24072/3/4/5 ICs

DEVICE | Voyp Vour Vorem g:;lcqr':l:,:i
bq24072 | 66V | Vgar +225mV | Voigeg)— 100 mV 7D
bq24073 | 66V 44V Vorreg) — 100 mV 1D
bq24074 | 105V 44V Vo(reg) — 100 mV ITERM
bq24075 | 66V 55V 43V SYSOFF
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optional control function such as termination
disable (TD), programmable termination
current (ITERM), or system off (SYSOFF).
The 10.5-V OVP is for a nonregulated 5-V
adapter where the unloaded source is above
6.6 V. To minimize power dissipation, during
fast charge the optimum input voltage
should be between 4.5 and 5.5 V.

The bar chart in Figure 10 shows graphi-
cally how the charger output voltage changes
from one operational mode to another for
each charger. If the system is sensitive to
changes in the output voltage and the peak
system load exceeds the input current, the
bg24072 minimizes these changes since it
regulates the output voltage to within 225 mV
of the battery voltage. The bq24073/4 regu-
lates the output voltage to 4.4 V and the
DPPM threshold to 4.3 V. Depending on the
battery voltage, the voltage drop can be large
when the charger enters battery-supplement
mode. The bq24075 regulates the output
voltage to 5.5 V for inputs greater than 5.5 V
and passes through lower voltages. If the
charger output current plus the charge
current exceed the input current, the output
voltage will drop much more than 100 mV,
as shown in Figure 10. A further increase in
output current may put the device in
battery-supplement mode, where another
large drop will occur.

Figure 11 shows the efficiency of the
power topology. Efficiency for a linear
topology is

n= Vi ~Vour x100.
Vi

Each charger mode has an efficiency factor.
For the bq24072/3/4/5, the efficiency during
battery-supplement mode is the same given
the same input voltage and battery voltage.

The bg24072 has the least change in
output voltage between modes, but the
efficiency drops as the battery discharges.
The bq24073/4 is more efficient in normal
and DPPM modes but may have a larger
internal voltage drop upon entering battery-
supplement mode. The bq24075 has high
efficiency in normal mode and good effi-
ciency in DPPM mode, but it may have a
large change in output voltage after switch-
ing from normal to DPPM to battery-
supplement mode.

The decision for the designer is whether the charger
should be sensitive to system voltage changes, have lower
efficiency, or both. If the charger is sensitive to voltage
changes, will the system operations cause changes between
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Figure 10. Output voltage with changes in operational mode
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[l Normal Mode
4.8 1T
[ DPPM Mode
4.6 —| @ Battery-Supplement
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bq24072

bq24073/4

bq24075

Figure 11. System efficiency with changes in operational
mode and part number (V;y =5 V. For Vg1, see Figure 10.)

Efficiency (%)

100

[l Normal Mode

90 7| DPPM Mode

M Battery-Supplement
801 Mode

70

60

50

40

30

20

10 1

bq24072

bq24073/4

bq24075

j=======7T= J
www.ti.com/aa

20 2009

the modes with large voltage steps? Because of the low
power drain from the adapter or USB source, efficiency is
not typically a cost concern, but it can be a heat-dissipation
issue in the device.
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Simple, single-cell, integrated Li-lon chargers
For designs where power-path control is not necessary,
the TI bq2401x, bq2402x, and bq2406x families of single-
cell Li-Ion chargers perform complete charging with all the
necessary safety features.

The bq2406x family incorporates many of the same
features found in the bq24072/3/4/5 family, but without the
power-path management. The bq2406x performs standard
three-phase charging—battery conditioning, constant
current, and voltage regulation—followed by termination.
The safety features include input OVP, a precharge safety
timer, a fast-charge safety timer, and IC thermal regulation.
The OVP circuit disables the input pass FET if the input
voltage exceeds the OVP threshold. This helps to protect
against wrong or damaged power sources. The safety
timers, once expired, will disable charging. Typically, if the
design is done properly, a good battery will exit precharge
or reach termination long before the safety timers declare
a fault. Typically intended for operation in extremely hot
environments where the IC junction temperature reaches
125°C, the thermal-regulation loop reduces the charge
level to prevent further heating of the charger IC. Further
details on these features can be found in the data sheet.

Conclusion

An inexpensive discrete charger can be implemented that
performs the charging and manages basic power-path
connections but does not address any of the safety and
reliability issues that may occur. A brief description has
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been given of the safety features of a simple charger,
followed by a more detailed description of DPPM. The
bq24072/3/4/5 chargers provide three levels of input-
current-limiting protection that can be programmed to
protect the specified source. The USB Viy 1,4+ 100D pro-
vides additional protection by detecting weak USB sources
and restricting the input current. The output DPPM loop
reduces the charging current at the first sign of a drop in
the system voltage and enters battery-supplement mode if
the system load exceeds what the adapter can handle.
This article has also discussed how the IC protects against
a system short circuit and then recovers. Finally, for each
part number in the bq24072/3/4/5 family, changes in out-
put voltage and efficiency that occur with changes in oper-
ational mode were compared.

The bq24072/3/4/5 family of Li-lon battery chargers is a
fully integrated solution that performs Li-lon charging and
DPPM and reduces application size. It solves many issues
with power sources by allowing use of less expensive
adapters, managing loading, giving priority to the system,
increasing reliability, and incorporating many safety fea-
tures for a lower total system price.
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Selecting the right charge-

management solution

By Masoud Beheshti

Director/Product Line Manager

Introduction

Today’s designers of portable devices have choices of
many types of battery chemistries, charger topologies,
and charge-management solutions. Selecting the right
solution should be simple, but in most cases it is a bit
complicated. The designer needs to strike a balance
between performance, cost, form factor, and other key
requirements. This article provides an overview of several
portable-power solutions.

The three C’s of charge management

Charge management is a critical function in any portable
design utilizing rechargeable batteries. Sound design tech-
niques ensure that requirements for the following three
considerations are met (see Table 1):

1. Cell safety—This is not limited to a simple requirement
like, for example, meeting the voltage-regulation toler-
ance of +1% during the final phase of charge for a Li-lon
battery. Safety functions also include safety timers, cell-
temperature monitoring, and a preconditioning mode to
safely handle deeply discharged cells.

2. Cell capacity—Any charge-management solution needs
to ensure that the batteries are charged to full capacity
in every cycle. Early charge termination results in
reduced run time and is not desirable in today’s power-
hungry portable devices.

3. Cell cycle life—Adhering to the recommended charge
algorithm is an important step towards ensuring that
the end user gets the maximum number of charge
cycles from each pack. Qualifying each charge with the
cell temperature and voltage, preconditioning deeply
discharged cells, and avoiding late or improper charge
termination are some of the steps necessary for maxi-
mizing cycle life.

Managing battery-chemistry requirements

System designers today have the option to select from a
variety of battery chemistries. The selection is typically
based on a number of criteria, including energy density;
size and form factor; cost; and usage pattern and cycle life.
Although there has been a strong trend towards Li-Ion and
Li-Pol chemistries in recent years, the NiCd and NiMH
chemistries are still viable options for a variety of con-
sumer applications.
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Table 1. The three C’s of charge management

CHARGEFEATURE | 3cery | capaciry | cycle Lie
e e iy
and omperatire) |V v
Temperature monitoring v 4 v
Preconditioning v v 4
End-of-charge termination (4 (4 v
Charge timer 4
Charge-status reporting v v
Detection of battery insertion v
and removal
Minimal battery drainage (4
Short-circuit current limit v
Automatic recharge 4

Regardless of the choice of chemistry, it is critical to
adhere to the appropriate charge-management techniques
for each chemistry. These techniques ensure that batteries
are charged to their maximum capacities in every cycle
without compromising safety or cycle life.

NiCd/NiMH

Before a fast-charge cycle starts, NiCd and NiMH batteries
must be qualified and possibly conditioned. Fast charge is
prohibited if the battery voltage or temperature is outside
the allowed limits. For safety, any charging of a “hot” bat-
tery (typically above 45°C) is suspended until the battery
cools to the normal operating-temperature range. To con-
dition a “cold” battery (typically below 10°C) or an over-
discharged battery (typically below 1 V per cell), a gentle
trickle current is applied.

Fast charge begins when the battery temperature and
voltage are valid. NiMH batteries are typically charged with
a constant current of 1C or less. Certain NiCd batteries
can be charged at rates of up to 4C. Proper charge
termination is required to prevent harmful overcharge.

For nickel-based rechargeable batteries, fast-charge
termination can be based on either voltage or temperature.
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As shown in Figure 1, a typical voltage-
termination method is peak-voltage detec-
tion (PVD), where fast charging is termi-
nated within a range of 0 to -4 mV per cell Precharge i Current-Regulation Charge
of the peak cell voltage. The temperature Phase I Phase Termination
method monitors the rate of battery tem- | .

perature rise, AT/At, to detect full charge. Regulation Current :

The typical AT/At rate is 1°C/minute. |

Li-lon/Li-Pol Charge Current - I_"_<_ —AV
Similar to NiCd and NiMH batteries, Li-Ion I
|

and Li-Pol batteries must be qualified and |
possibly conditioned before fast charge. A
qualification and conditioning method simi-
lar to the one described earlier is used.

As shown in Figure 2, following qualifica-
tion and preconditioning, a lithium-based
battery is first charged with a current of 1C Battery Temperature
or less until it reaches its charge-voltage
limit. This stage of charge typically replen-
ishes up to 70% of the capacity. The battery | —|r—) =2 = S 22
is then charged with a constant voltage of '
typically 4.2 V. To maximize safety and the |
available capacity, the charge voltage must Time
be regulated to at least +1%. During this
stage of charge, the charging current drawn
by the battery tapers down. The charge is
typically terminated once the current level Figure 2. Charge profile for Li-lon/Li-Pol batteries
falls below 10 to 15% of the initial charging

current at a 1C charging rate. Precharge
Phase

Figure 1. Charge profile for NiCd/NiMH batteries

PVD

Battery Voltage

Minimum Charge Voltage

Voltage-Regulation Charge
Phase Termination

Current-Regulation
Phase

Linear versus switch-mode

chargmg topology . Regulation Current i I
Linear and switch-mode topologies are 7

commonly used for controlling the charging 7/
current and voltage in applications using /
rechargeable batteries. Each topology pro- /

vides unique advantages for its intended /7 \
applications. / Charge Voltage

The linear topology is well suited for low 4
cell counts and charging currents. It offers
the designer several advantages: low imple- /
mentation cost, design simplicity, and /
“quiet” operation due to the absence of /
high-frequency switching. The linear topol- Vs
ogy also introduces some power dissipation Preconditioning and Taper Detect
into the system, in this case mostly during | fe—————————-———————————————————————— =
the current-regulation phase of the charge |
cycle. This is a drawback if the designer L I
has no means to manage the thermal issues Time
in the design.

The switch-mode topology is well suited
for higher cell counts and charging currents. Its main include the switching losses (in the power switches) and
advantage is increased efficiency. Unlike linear regulators, the DC losses in the filter inductor. Depending on the
the power switch or switches are operated in the satura- design parameters, it is not uncommon to see efficiencies
tion region, which substantially reduces the overall losses. of well over 95% in these applications.

The main sources of power loss in a buck converter

Regulation Voltage

Charge Current

7 Minimum Charge Voltage
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Power Management

Inductive charging

Inductive (wireless) power has been around for a
long time and has found applications in many areas.
In the industrial area, for instance, induction heating
has provided a practical and efficient way to melt
large amounts of metals in a manufacturing environ-
ment. In the consumer area, inductive power has
been used successfully to charge toothbrushes and
other small personal-care products. However, when it
comes to charging the new generation of portable
appliances such as cellular phones, portable media
players, and Bluetooth® headsets, the use of wireless
power is in its infancy.

The wireless chargers commonly used in the con-
sumer market for devices such as toothbrushes are
not optimized for efficiency or speed. These chargers
“trickle charge” at a low rate, and the form factor is
customized to accept only the intended end equip-
ment. However, the demands for portable power are

Figure 3. Concept of inductively coupled
power supply

Texas Instruments Incorporated

J//[ Receiving Coil Built into Device

/| Power-Supply Coil Built |
J into Surface

A Electromagnetic Field

changing; and most consumers now own a multitude
of portable devices, each with its own power cable
and, in many cases, proprietary connectors. Consum-
ers are beginning to look for the same convenience
in charging their portable devices as is offered by
wireless data transfer. This concept, although simple,
presents a number of barriers for design solution and
acceptance:

e Unlike the battery for a toothbrush, batteries for
the new portable devices need to be charged at a
standard fast-charge rate, reaching 70% of capacity
in about an hour. The solution must therefore be
very power-efficient.

e The battery for each portable device is a different
size and has a different charge rate (i.e., power
rating), so the concept of “one size fits all” does
not apply. The wireless charger needs to have the
intelligence to recognize these variations and
adjust itself accordingly.

e Consumer safety is very important, so the wireless
charger needs not only to differentiate between a
coin and a cell phone but also to make certain that

Figure 4. Tl Battery Chargers Quick Search tool

 Battery Charger Component Selection Tool from Texas Instru... |- [

L hitp://focus.ti.com/fan/download/aap/zelectiontools/battery-chargers/tool.htm L]

le 1. Type of Battery Chemistry

Choose the battery chemistry you are interested
n

one o g follo g D Infermoati

Changs Your Sebectin at Aey Time
a, Lilon, LiPal
b, NMIL CD

€. Lead-Acd

N————

no hazardous situations are created under any
operating condition.

e Ultimately, what consumers will pay for is convenience,
so the wireless charger needs to be substantially easier
to use than the easiest corded charger available.

There are a variety of solutions being developed to
address these concerns. A great example is eCoupled™
technology developed by Fulton Innovation. This technol-
ogy includes an inductively coupled power-supply circuit
that dynamically seeks resonance, adapting its operation to
match the needs of each device it supplies (see Figure 3).
By communicating with each device individually in real
time, eCoupled technology not only determines power
needs but also takes into account the age of a battery or
device and its charging life cycles. This supplies the optimal

High-Performance Analog Products www.ti.com/aaj

amount of power to the device and keeps it operating at
peak efficiency.

Selecting the charger

Texas Instruments offers a variety of tools to make the
process of selecting the right charger easier for designers.
Figure 4 shows the “Battery Chargers Quick Search” tool
available at power.ti.com (Scroll down to “Analog eLab™
Design Support” to view links under “Design, Simulation,
and Selection Tools.”)

Related Web site
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Designing with digital isolators

By Thomas Kugelstadt

Senior Applications Engineer

Introduction

The purpose of this article is to help engineers use the
Texas Instruments (TI) ISO72xx family of digital isolators
to design galvanically isolated systems in the shortest time
possible. The article explains the basic operating principle
of the TI isolator, suggests where to place it within a system
design, and recommends guidelines for an electromagnetic-
compatible (EMC) circuit-board design.

Operating principle

The isolator in Figure 1 is based on a capacitive-isolation-
barrier technique. The device consists of two data channels
—a high-frequency channel with a bandwidth ranging from
100 kbps up to 150 Mbps, and a low-frequency channel
covering the range from 100 kbps down to DC.

In principle, a single-ended input signal entering the
high-frequency channel is split into a differential signal via
the inverter gate at the input. The subsequent capacitor-
resistor networks differentiate the signal into transients,

Figure 1. Block diagram of a digital capacitive isolator

Isolation Barrier

which are then converted into differential pulses by two
comparators. The comparator outputs drive a NOR-gate
flip-flop whose output feeds an output multiplexer. A
decision logic (DCL) at the driving output of the flip-flop
measures the durations between signal transients. If the
duration between two consecutive transients exceeds a
certain time limit, as in the case of a low-frequency signal,
the DCL forces the output multiplexer to switch from the
high- to the low-frequency channel.

Because low-frequency input signals require the internal
capacitors to assume prohibitively large values, a pulse-
width modulator (PWM) is used to modulate these signals
with the carrier frequency of an internal oscillator (OSC),
thus creating a frequency high enough to pass the capaci-
tive barrier. As the input is modulated, a low-pass filter
(LPF) is needed to remove the high-frequency carrier
from the actual data before it is passed on to the output
multiplexer.
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High-frequency-channel operation
Figure 2 presents the high-frequency channel and the
waveforms at specific points of the signal chain. The
single-ended input signal is split into the differential signal
components, A and A. Each signal component is then differ-
entiated into the transients, B and B. The subsequent com-
parators compare the differential transients to one another.
As long as the positive input of a comparator has a higher
potential than its negative input, the comparator output
will present a logical high, thus converting an input tran-
sient into a short output pulse.

The output pulses set and reset a NOR-gate flip-flop.
From the “NOR-Gate Truth Table” in Figure 2 we see that
the NOR-gate configuration presents an inverting flip-flop,

Figure 2. Timing in high-frequency-channel operation
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meaning that a high at input C sets output D to high, and
a high at C sets D to high. Because the comparator output
pulses are of short duration, there will be times when both
outputs are low. During this time the flip-flop stores its
previous output condition. Since the signal at D is identical
to the input signal in shape and phase, D becomes the out-
put of the high-frequency channel and is connected to the
output multiplexer.

While input signals with symmetrical duty cycles cause
equidistant pulses at the comparator outputs, asymmetri-
cal signals (shown in the “Data Transfer” timing diagram
in Figure 2) move the comparator pulses closer to each
other to maintain the shape and phase relationships of the
input signal.

NOR-Gate Truth Table

c|C D | D
L L S*| S
L H H L
H L L H
H H L L
*8S = Store previous condition

Data Transfer
(Duty Cycle =90:10)

L

Hx
kr

ol
—1 T/
L T =

"L < -6
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—
—
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—
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—
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Low-frequency-channel operation

As shown in Figure 3, a PWM modulates slow input signals
with a high-frequency carrier such that, at location A, a
high-level input yields a 90:10 duty cycle, and a low-level
input yields a 10:90 duty cycle. From there on, signal proc-
essing is identical to the asymmetrical signal processing in
the high-frequency channel. The only exception is that the
high-frequency content of 13, the low-frequency channel, is

Interface (Data Transmission)

Isolator technology and requirements

The successful proof of the single isolator’s ability to trans-
mit wideband data (from DC to above 150 Mbps) inspired
TI to fabricate unidirectional and bidirectional devices in
dual-, triple-, and quad-channel versions that accommo-
date the most common digital interfaces encountered in
industrial applications (see Figure 4). All TI digital isolators
utilize single-ended, 3-V/5-V CMOS-logic switching tech-

filtered by an R-C LPF before being passed on to the out-
put multiplexer, E.

nology. Their nominal supply-voltage range is specified

Figure 3. Timing in low-frequency-channel operation
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Figure 4. Tl family of stand-alone digital isolators
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from 3.3 V to 5 V for both supplies, Vo and Vg, and
allows any combination of these values.

1t s tmportant for the designer to keep im mind that
digital 1solators, due to thewr single-ended design
structure, do not conform to any specific interface
standard and are imtended only for isolating single-
ended, 3-V/5-V digital signal lines.

Figures 5 to 7 give examples of isolated interfaces for
SPI, RS-232, and RS-485 applications. Note that the isola-
tor is always placed between the data controller (i.e., the
microcontroller or UART) and a data converter or line
transceiver, regardless of the interface type or standard.

Texas Instruments Incorporated

The full-blown, isolated RS-232 interface in Figure 6
requires two quad isolators because six control signals are
required in addition to the actual data lines, RX and TX.
Although the entire system is single-ended, the high-
voltage requirements of the symmetrical, +13-V bus supply
make it necessary to galvanically isolate the data link
between the UART and the low-voltage side of the bus
transceiver.

Figure 5. Isolated SPI interface

. . . . . 3v 3V 3 Viso 3 Viso
Figure 5 presents the simplest isolator application. Here T T T
the entire circuit constitutes a single-ended, low-voltage Micro- 88 > > ss
system in which a digital isolator connects the SPI interface controller k|| > EH>1— sck
of a controller with the SPI interface of a data converter. most || 5 1 smo c
The most commonly applied TI isolators in SPI interfaces wiso L] = | som
are ISO7231 and ISO7241, often designated as 3- and J ]
4-channel SPI isolators. é é %7 %7
Figure 6. Isolated RS-232 interface
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As in the previous example, the isolation of the RS-485
interface in Figure 7a occurs between the controller and
the bus transceiver. Despite the entire interface circuit

Interface (Data Transmission)

Figure 7. Isolated RS-485 interface

being a low-voltage system, the differential nature of the ill’ ill’ 3Y|E° 3_|E°
transmission bus requires prior isolation on the single- | [ D
ended side. Due to the simplicity of this interface, it was Host pout §—l> DE E f
possible to integrate the isolator function into the RS-485 Controller DIR |—{> 3 D>t EE %
transceiver circuit as shown in Figure 7b, thus providing oIN < # =<
an application-specific isolator device featuring low cost L L & <
and a low component count. e
To simplify the selection of an appropriate isolator for a
specific application, Table 1 provides a comprehensive 3V 3V 3Vgo
overview of TI digital isolators. Of the five different speed T T T
grades for isolators—A, B, C, CF, and M—all but the M DOUT D > sMipl
version possess internal low-pass noise filters at the data CO;'t‘:z‘"er DIR -4 % > % %
inputs and are therefore recommended for use in noisy DIN _/th 2 e
environments. The high-speed version, M, requires exter- T T %7
nal input filtering when used in noisy environments. This = =
is accomplished by connecting a filter capacitor from an (b) Integrated
Table 1. Overview of Tl stand-alone and application-specific isolators
MAX. MAX. MAX. CH/CH TYPICAL OUTPUT
IS%LOR DEVICE (S; :if)?z ™ FI::;:](;LD DATA RATE* PROP. DELAY* | OUTPUT SKEW* RISE TIME*
(Mbps) (ns) (ns) (ns)
I TTL 100 24 — 1
Single  [iS0721722
i M CMOS 150 16 — 1
A 1 475 15 1
........ B TTL 5 70 3 1
Dual 1507220/7221
""" C 25 42 1 1
M CMOS 150 16 1 1
A TIL 1 95 2 2
Triple 1S07230/7231 C 25 42 2 2
M CMOS 150 23 1 2
A L 1 95 2 2
Wwag | ISOTZOMAYINZ | C 2 42 2 2
ua
M CMOS 150 23 1 2
1507240 CF TTL 25 42 2 2
----- 1.3 (XTR) 900 (XTR)
1503082 L 02 125 (RCV) - 1(RCV)
RS-485 S ATn 340 (XTR) 185 (XTR)
Half-Duplex. |1501 lE ! 100 (RCV) - 2 (RCV)
----- 45 (XTR) 7 (XTR)
1503088 T 2 125 (RCV) - 1(RCV)
----- 13(XTR) 900 (XTR)
1503080 T 02 125 (RCV) - 1(RCV)
RS-485 oy 340 (XTR) 185 (XTR)
Full-Duplex |1503 lE ! 100 (RCV) - 2 (RCV)
----- 45 (XTR) 7 (XTR)
1503086 L 2 125 (RCV) - 1(RCV)
PROFIBUS |7 om 40 (XTR) 3 (XTR)
Half-Duplex | 1501178 - 40 55 (RCV) ! 2 (RCV)

*Switching characteristics with Vggq = Vogp =5 V.
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input to the respective device ground. The
capacitor value is calculated as
1
F=o -+ ob
2 X £ X Rgg

where f,,,. is the maximum signal frequency and
Rgg is the output impedance of the signal source.

PCB design guidelines

PCB material

Standard Flame Retardant 4 (FR-4) epoxy glass
should be used as PCB material for digital circuit
boards operating below 150 Mbps (or with rise
and fall times longer than 1 ns) and with trace
lengths of up to 10 inches. FR-4 meets the
requirements of Underwriters Laboratories

UL 94 V-0 and is preferred over cheaper alterna-

Figure 8. Recommended layer stack
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%.

tives due to its lower dielectric losses at high
frequencies; low moisture absorption; greater
strength and stiffness; and self-extinguishing
burning characteristics.

Layer stack

A minimum of four layers is required to accom-
plish a PCB design with low electromagnetic inter-
ference (EMI) (see Figure 8). Layers should be
stacked in the following order, from top to bottom:

e High-speed traces—Routing the high-speed

Figure 9. Groove cutting extends effective
creepage distance

—— oD OO el
Dirt Particles

Groove

traces on the top layer avoids the use of vias

(and the introduction of their inductances) and
allows for clean interconnects between the isolator,
transmitter, and receiver circuits of the data link.

e Ground plane—Placing a solid ground plane next to the
high-speed signal layer establishes controlled impedance
for transmission-line interconnects and provides an excel-
lent low-inductance path for the return current flow.

e Power plane—Placing the power plane next to the
ground plane creates additional high-frequency bypass
capacitance of approximately 100 pF/in2.

e Low-speed traces—Routing the slower-speed control
signals on the bottom layer allows for greater flexibility,
as these signal links usually have a margin to tolerate
discontinuities such as vias.

If an additional supply-voltage plane or signal layer is
needed, a second power/ground-plane system can be
added to the stack to keep it symmetrical. This makes the
stack mechanically stable and prevents it from warping.
Also, the power and ground planes of each power system
can be placed closer together, thus increasing the high-
frequency bypass capacitance significantly.

Creepage distance

Creepage distance is the shortest path between two con-
ductive parts, measured along the surface of the insulation.
An adequate creepage distance protects against tracking,
a process that produces a partially conducting path of
localized deterioration on the surface of an insulating
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material as a result of the electric discharges on or close
to that surface. Tracking damage to the insulating material
normally occurs because of one or more of the following
reasons: humidity in the atmosphere, the presence of con-
tamination such as that from corrosive chemicals, and the
altitude at which equipment is operated.

The degree of tracking that occurs depends on the
comparative tracking index (CTI) of the material and the
degree of pollution in the environment. Used for electrical
insulating materials, the CTI provides a numerical value of
the voltage that will cause failure due to tracking during
standard testing. Reference 1 provides a fuller explanation
of tracking and CTI.

With higher isolation-voltage levels, it is more important
than ever to have a robust PCB design that not only
reduces EMI emissions but also reduces creepage prob-
lems. In addition to wide isolator packaging, techniques
such as cutting grooves can be used to attain a desired
creepage distance (see Figure 9).

For a groove wider than 1 mm, the only depth require-
ment is that the existing creepage distance plus the width
of the groove and twice the depth of the groove must
equal or exceed the required creepage distance. The
groove should not weaken the substrate to a point that it
fails to meet mechanical test requirements.

Also, on all layers, the space under the isolator should
be kept free of traces, vias, and pads to maintain maxi-
mum creepage distance (see Figure 8).
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Controlled-impedance transmission lines

A controlled-impedance transmission line is a
trace whose characteristic impedance, Z, is
tightly controlled by the trace geometries. In
general, these traces match the differential
impedance of the transmission medium, such as
cables and line terminators, to minimize signal
reflections. Around digital isolators, controlled-
impedance traces must match the isolator’s out-
put impedance, Z = rp, which is known as
source-impedance matching (see Figure 10).

To determine Z, the dynamic output imped-
ance of the isolator, ry = AVyyp/Algy, needs to
be established. For that purpose, the output
characteristic in Figure 11 (based on the
1SO7240 data sheet) is approximated by two
linear segments. One indicates that ry = 260 Q
at low voltages; the other indicates that ry = 70 Q
for the majority of the curve—and thus for the
transition region of the output.

The required trace geometries, such as trace
thickness (t) and width (w), the height of the
trace (h) above an adjacent ground layer, and
the PCB dielectric (g,), are partially dictated by
the copper-plating capabilities of the board
manufacturing process and the dielectric of the
chosen board material. Typical values are 1 and
2 oz of copper plating, resulting in trace thick-
nesses (t) of 1.37 and 2.74 mils, respectively.
The dielectric value (g,) for FR-4 epoxy glass
varies between 2.8 and 4.5 for microstrips and is
4.5 for stripline traces.

With t and €, given, the designer has the free-
dom to define Z through the trace width (w)
and height (h). For PCB designs, however, the
most critical dimensions are not the absolute
values of w and h but their ratio, w/h. Easing
the designer’s task, Figure 12 plots the charac-
teristic trace impedance as a function of the
width-to-height ratio (w/h) for a trace thickness
of 2.74 mils (2-oz copper plating), an FR-4
dielectric of 4.5, and a trace height (h) of
10 mils above the ground plane.

From Figure 12 we see that a 70-Q design
requires a w/h ratio of about 0.8. As described
later under “Reference planes,” designing a low-
EMI board requires close electric coupling
between the signal trace and ground plane, which
is accomplished by ensuring that h = 10 mils.
The corresponding trace width would therefore
be 8 mils. This width must be maintained across
the entire trace length; otherwise, variations in
trace width will cause discontinuities in the
characteristic impedance, leading to increased
reflections and EMI.
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Figure 10. Source-impedance matching: Z; = rg
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Figure 11. Isolator output characteristic
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Figure 12. Characteristic impedance as a function of w/h
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Table 2. Microstrip equations* for when 0.2 < w/h < 1

Texas Instruments Incorporated

g +1

g -1 1
€Eff = 2

t

2
w
X +004x|1-— | ————
2 /H@ [ h) 2.3x+/wh
w

g = effective dielectric, taking into account:
e dielectric of air
e dielectric of PCB material
* height above ground
e nominal trace width

w —w+—1'25t>< T+In Ll
Eff = T t

W = effective trace width, taking into account:
* nominal trace width
e trace thickness
* height above ground

60xn| SN Wt
W 4h

Zy=
0
€Eff

Z, = characteristic impedance, taking into account:
o effective trace width
* height above ground
o effective dielectric

*Keep all dimensions in inches, mils (1 inch = 1000 mils), or millimeters (1 inch = 25.4 mm).

Figure 13. Reducing field fringing through close electric coupling between conductors
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Note that this design example is only one of many
possible ways to achieve the desired Z;. Different
trace thicknesses due to higher or lower copper
plating can be used, as can a different PCB material,
but these will require the w/h ratio to change. The
rather complex mathematical equations for calculating
the characteristic impedance, Z,, while taking into
account the trace thickness, width, and dielectric, are
presented in Table 2.
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Figure 14. Ground plane acting as a single return trace
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Reference planes
The power and ground planes of a high-speed PCB
design usually must satisfy a variety of requirements. At
DC and low frequencies, they must deliver stable reference
voltages, such as Vg and ground, to the supply terminals
of integrated circuits. At high frequencies, reference planes,
and ground planes in particular, serve numerous purposes.
For the design of controlled-impedance transmission sys-
tems, the ground plane must provide strong electric cou-
pling with the signal traces of an adjacent signal layer.
Consider a single, AC-carrying conductor with its associ-
ated electric and magnetic fields, shown in Figure 13. Loose
or no electric coupling allows the transversal electromag-
netic (TEM) wave, created by the current flow, to freely
radiate into the outside environment, causing severe EMI.
Now imagine a second conductor in close proximity, carry-
ing a current of equal amplitude but opposite polarity. In
this case the conductors’ opposing magnetic fields cancel,
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while their electric fields tightly couple. The TEM waves of
the two conductors, now being robbed of their magnetic
fields, cannot radiate into the environment. Only the far
smaller fringing fields might be able to couple outside,
thus yielding significantly lower EMI.

Figure 14 shows the same effect occurring between a
ground plane and a closely coupled signal trace. High-
frequency currents follow the path of least inductance, not
the path of least impedance. Because the return path of
least inductance lies directly under a signal trace, return-
ing signal currents tend to follow this path. The confined
flow of return current creates a region of high current
density in the ground plane, right below the signal trace.
This ground-plane region then acts as a single return
trace, allowing the magnetic fields to cancel while provid-
ing tight electric coupling to the signal trace above.
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To provide a continuous,
low-impedance path for
return currents, reference
planes (power and ground
planes) must be solid copper
sheets and free of voids and
crevices (see Figure 15). For Driving
reference planes, it is impor- Gate
tant that the clearance sec-
tions of vias do not interfere
with the path of the return
current. In the case of an
obstacle, the return current
will find its way around it.

Circuit
Trace

Figure 15. Return-current paths in solid versus slotted ground planes
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Return Path
Around
Obstacle

High-Speed
Return Current

Ground-Plane
Disruption

However, when this happens,

the current’s electromagnetic fields will most likely inter-
fere with the fields of other signal traces, introducing
crosstalk. Moreover, this obstacle will adversely affect the
impedance of the traces passing over it, leading to discon-
tinuities and increased EMI.

Routing

Guidelines for routing PCB traces and placing components
are necessary to maintain signal integrity, avoid noise pick-
up, and lower EMI. Although there seem to be an endless
number of precautions to be taken, only a few main layout
recommendations are provided here:

1. Separate signal traces by three times the trace-to-
ground height (d = 3h) to reduce crosstalk to 10% (see
Figure 16). Because the return-current density under
a signal trace diminishes via the function 1/[1 + (d/h)?2],
it will be sufficiently small at a point where d > 3h to
avoid causing significant crosstalk in an adjacent trace.

2. Use 45° bends (chamfered corners) instead of right-
angle (90°) bends (see Figure 17). Right-angle bends
increase the effective trace width and thus the trace
impedance. This creates additional impedance mis-
match, which might lead to higher reflections.

3. For permanent operation in a noisy environment, con-
nect the Enable inputs of an isolator through a via to
the appropriate reference plane; that is, connect high-
Enable inputs to the V¢ plane and low-Enable inputs
to the ground plane.

4. When routing traces next to a via or between an array
of vias, make sure that the via clearance section does
not interrupt the path of the return current on the
ground plane below (see Figure 18). If a via clearance
section lies in the return path, the return current will
find a path of least inductance around it. By doing so,
it might cross below other signal traces, thus generat-
ing crosstalk and increasing EMI.

5. Avoid routing signal traces over different layers, as this
causes the inductance of the signal path to increase.

6. If, however, such routing is unavoidable, accompany
each signal-trace via with a return-trace via. In this
case, use the smallest via size possible to minimize the
increase in inductance.

Analog Applications Journal 20 2009

1= ======7 = J

www.ti.com/aa

Figure 16. Separate traces to minimize
crosstalk

1 ! 1)

Figure 17. Use 45° bends instead of 90° bends

Figure 18. Avoiding via clearance sections

8
8

7. Use solid power and ground planes for impedance
control and minimum power noise.
8. Use short trace lengths between the isolator and

surrounding circuits to avoid noise pickup. Digital
isolators are usually accompanied by isolated DC-to-
DC converters that supply power across the isolation
barrier. Because single-ended transmission signaling is
sensitive to noise pickup, the switching frequencies of
nearby DC-to-DC converters can easily be picked up
by long signal traces.
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9. Place bulk (i.e., 10-pF") capacitors close to power
sources such as voltage regulators or where the power
is supplied to the PCB.

10. Place smaller (0.1-pF or 0.01-uF) bypass capacitors
close to the device to be bypassed. This can be accom-
plished by connecting the power side of the capacitor
directly to the device’s supply terminal and through
two vias to the V¢ plane (see Figure 19). Connect the
ground side of the capacitor through two vias to the
ground plane.

Vias

The term “via” commonly refers to a plated hole in a PCB.

While some applications require through-hole vias to be

wide enough to accommodate the leads of through-hole

components, designs for high-speed boards mainly use
vias to route signal traces to different layers, connect SMT
components to the required reference plane, and connect
reference planes of the same potential to each other.
Layers connecting to a via do so by making direct con-
tact with a pad surrounding the via (the “via pad”). Layers
that must not connect are separated by a clearance ring.

Every via has a capacitance to ground that can be approxi-

mated with the following equation:

C= 1.41xe. XTxD,
- Dy-Dy

where D, is the diameter of a clearance hole in a ground
plane (in inches), D; is the diameter of a pad-surround via
(in inches), T is the thickness of the PCB (in inches), €, is
the dielectric constant of the PCB, and C is the parasitic
via capacitance (in picofarads). Because the capacitance
increases proportionally with size, trace vias in high-speed
boards should be as small as possible to avoid signal degra-
dation caused by heavy capacitive loading.
When decoupling capacitors are connected to a ground

plane, or when ground planes are connected to each other,

Figure 20. Continuous return-current paths

)
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Figure 19. Connect bypass capacitor directly
to V¢c terminal

Ground-Plane

Vias \‘

Vcc-Plane
Vias

the via’s inductance becomes more important than its
capacitance. The magnitude of this inductance is approxi-

mated by
L= 5.08h><[1n (% )+ 1},

where L is the via inductance (in nanohenries), h is the via
length (in inches), and d is the via diameter (in inches).
Because this equation involves a logarithm, changing the
via diameter does little to influence the inductance. A big
change may be effected by changing the via length or by
using multiple vias in parallel. Therefore, the designer
should connect decoupling capacitors to ground by using
two paralleled vias per device terminal. For low-inductance
connections between ground planes, multiple vias should
be used in regular intervals across the board.

It is highly recommended that high-speed traces not
change layers; but, if they must, the designer should
ensure a continuous return-current path. Figure 20 shows
the flow of the return current for a single-layer change and
a multiple-layer change.

Signal
Current

e S
= 1

Ground

Signal
Current

—p < >
™ 7 —

Ground

l Plane

Plane

Power

(a) For a single-layer change

Plane

(b) For a multiple-layer change
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The ability for the current flow to
change from the bottom to the top of
the ground plane is provided by a metal-
lic laminate of the inner clearance ring.
Thus, when a signal passes through a
via and continues on the opposite side of
the same plane, a return-current discon-

. . Si |
tinuity does not exist. cll,?rr::“
A signal trace that changes from one PF— S

layer to another by crossing multiple ref-

Figure 21. Return-current path for reference planes with
different voltage potentials
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Decoupling
Capacitor

erence planes complicates the design of
the return-current path. In the case of
two ground planes, a ground-to-ground

‘ Ground

via must be placed near the signal via to

Plane

ensure a continuous return-current path
(see Figure 20b).
If the reference planes are of different

voltage potentials, such as the power and

] Power

ground planes in Figure 21, the design
of the return path becomes messy,
requiring a third via and a decoupling
capacitor. The return-current flow

Plane

begins at the bottom of the power plane,
where it is closest to the signal current.
It then flows through the power via,
across the decoupling capacitor into the ground via, and
returns on top of the ground plane.

Return-current paths comprising multiple vias and de-
coupling capacitors possess high inductance, thus compro-
mising signal integrity and increasing EMI. If possible, the
designer should avoid changing layers during high-speed
trace routing, as it usually worsens board performance,
complicates design, and increases manufacturing cost.

Decoupling capacitors

Decoupling capacitors provide a local source of charge for
ICs requiring a significant amount of supply current in
response to internal switching. Insufficient decoupling
causes a lack of supply current, resulting in signal-integrity
problems and data errors. The capacitors must provide
low impedance for a specific frequency range. To accom-
plish that, a common approach is to distribute an array of
decoupling capacitors evenly across the board. In addition

to maintaining signal integrity, decoupling capacitors serve
as EMI filters, preventing high-frequency RF signals from
propagating throughout the PCB.

Connecting a capacitor between the power and ground
planes actually loads the power supply with a series reso-
nant circuit whose frequency-dependent R-L-C compo-
nents represent the equivalent circuit of a real capacitor.
Figure 22 shows the parasitic components of an initial
equivalent circuit and their conversion into a series reso-
nant circuit. The leakage resistance, R;, represents the
loss through leakage current at low frequencies. R and
Cp respectively indicate the losses due to molecular polar-
ization and dielectric absorption. Rg depicts the resistance
in the leads and plates of the capacitor. The three resistive
losses are combined into one equivalent series resistance
(ESR). The equivalent series inductance (ESL) combines
the inductance of the capacitor plates and internal leads.

Figure 22. Capacitor losses modeled by a series resonant circuit

C Rs ESL

ESR C ESL
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Note that the capacitor-connecting vias, although low in
impedance, contribute a significant amount to the series
inductance. Therefore, via inductance should be reduced
by using two vias per capacitor terminal.

Figure 23 shows the progression of capacitor impedance,
Z, versus frequency for a 10-nF' capacitor. At frequencies
far below the self-resonant frequency (SRF), the capacitive
reactance is dominant. Closer to the SRF, the inductive
reactance gains influence, trying to neutralize the capaci-
tive component. At the SRF the capacitive and inductive
reactance cancel each other, and only the ESR is effective.
Note that the ESR is frequency-dependent and, in contrast
to popular belief, does not reach its minimum at the SRF.
However, the impedance, Z, does.

Paralleling capacitors in a distributed decoupling network
works because the total capacitance increases to Cpor =
C x n, where n is the number of decoupling capacitors
used. With X, = 1/0C, the capacitor impedance is reduced
to Xgn = 1/MC for frequencies below SRF. The same
holds true for the inductance. Here Lpgr = L/n; and,
because Xj, = oL, the impedance decreases to X, .. =
oL/n for n capacitors at frequencies above SRF.

Designing a solid decoupling network must include lower
frequencies down to DC, which requires the implementa-
tion of large bypass capacitors. Therefore, to provide
sufficient low impedance at low frequencies, 1-pF to 10-pF
tantalums should be placed at the output of voltage regu-
lators and at the point where power is supplied to the

Figure 23. Capacitor impedance versus frequency
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PCB. For the higher-frequency range, several 0.1-pF or
0.01-pF ceramics should be placed next to every high-
speed switching IC.

Conclusion

Without claiming to be complete, this article covers the
main aspects of PCB design with digital isolators. Follow-
ing the recommendations presented will help designers
accomplish an electromagnetic-compatible board design in
the shortest time possible. Further information is available
in the ISO72xx data sheets and EVM manuals.
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Using fully differential op amps as
attenuators, Part 1: Differential bipolar

Input signals

By Jim Karki
Member, Technical Staff, High-Performance Analog

Introduction

Conditioning high-voltage input signals to drive ADCs from
high-voltage sources can be challenging. How can a higher-
voltage signal like +10 V be attenuated and level-shifted to
match the significantly lower differential and common-
mode-voltage input required by the ADC? In this article,
Part 1 of a three-part series, we consider a balanced, differ-
ential bipolar input signal and propose an architecture
utilizing a fully differential operational amplifier (FDA) to
accomplish the task.

We consider this type of circuit first because it most
clearly shows how to approach the design, keep a balanced
circuit, and not introduce unwanted offsets. Parts 2 and 3
will appear in future issues of the Analog Applications
Journal. Part 2 will show how to adapt the circuit to a
single-ended bipolar input. Part 3 will show the more
generic case of a single-ended unipolar input with arbitrary
common-mode voltage. The level of complexity will
increase with each step, but ordering the presentation in
this manner should help the reader better understand why
values are chosen for the final circuit the way they are.

Differential bipolar input

The fundamentals of FDA operation are presented in
Reference 1. Since the principles and terminology pre-
sented there will be used throughout this article, please
see Reference 1 for definitions and derivations.

FDAs can easily be used to attenuate large signals, con-
vert single-ended signals to differential signals, and level-
shift voltages to match the input requirements of lower-
voltage ADCs. The trick is to implement them in a way that
will perform these tasks while keeping the amplifier stable.

FDAs have been compared to two standard, inverting,
single-ended output op amps configured in a differential
architecture. While this has some validity, one important
difference is that a unity-gain, stable op amp is compen-
sated for a noise gain* of 1, while a unity-gain, stable FDA
is typically compensated for a noise gain of 2. The implica-
tion of this in the context of implementing an attenuator

*Noise gain is used to define the stability criteria of an op amp and is calculated
as the gain from the input terminal of the op amp to the output. Generally, one
speaks of op amp stability in terms of the minimum noise gain required, where
larger values are fine, but lower values may lead to instability or oscillation.
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Figure 1. Attenuator circuit for differential
bipolar input
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circuit is that the gain resistors can no longer be chosen
simply to provide the attenuation. Two approaches are
identified in this article; one implements an input attenu-
ator with resistor values chosen to provide a noise gain of
2, and the other implements the attenuator using the gain-
setting resistors with added components to get a noise
gain of 2.

Using an input attenuator

The proposed input-attenuator circuit for a balanced, dif-

ferential bipolar input signal is shown in Figure 1, whose

parameters are defined as follows:

e Vg, and Vg_ are the power supplies to the amplifier.

* Vg4 s the input-signal source.

® Rgqand Ry are the resistors that provide attenuation of
the signal from the source. Their parallel combination
also affects the noise gain of the amplifier.

® R and Ry are the main gain-setting resistors for the
amplifier.
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Figure 2. Thevenin-equivalent input source and attenuator
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For analysis, it is convenient to assume that the FDA is
an ideal amplifier with no offset and has infinite gain. The
first step in analyzing the circuit in Figure 1 is to simplify
it by using only its attenuator portion and the Thevenin
equivalent of the input source. This is shown in Figure 2.
With the circuit in this form, it is easier to see that its
overall gain can be calculated by the formula

Vours _ Br Rp . 1)
Vsig 2Rg + R R 2Rg || Rp
GT— o
2
The noise gain of the FDA can be set to 2 by making the
second half of Equation 1 equal to 1:

2Rq | R
Rg +%=RF (2)

With this constraint, the overall gain equation reduces to

Vours __ Rr 3)
Vsig 2Rg + Ry

There are two degrees of freedom for choosing components
in the gain equation—an infinite number of combinations
of Rg and R that will give the desired input attenuation,
and an infinite number of Ry and R values to set the gain.
The differential input impedance of this amplifier circuit
is given by Zyy = 2Rg + Rt Il 2Rg. Depending on the atten-
uation needed, the input impedance is approximately 2Rg.
It is recommended that Rg be kept to a range of values
for the best performance. Too large a resistance will add
excessive noise and will possibly interact with parasitic
board capacitance to reduce the bandwidth of the ampli-
fier; and too low a resistance will load the output, causing
increased distortion. Design is best accomplished by first
choosing Rgq close to the desired input impedance, then
choosing Ry within the recommended range for the device.
For example, the THS4521 performs best with Ry at about
1 kQ. Next, the value of Ry required to give the desired
attenuation is calculated. Then R is calculated for the
desired gain. These equations are easily solved when set

Www.ti.com/aa
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up in a spreadsheet. To see an example Excel® worksheet,

view the WinZip® directory online (or click Save to down-
load the WinZip file for offline use). Then open the file
FDA_Attenuator_Examples_Diff Bipolar_Input.xls, and
select the Diff Bipolar FDA Input Atten worksheet tab.

Design Example 1
As a design example, let’s say we have a 20-Vpp differential
bipolar (x10-V) signal, and we need a 2-kQ differential
input impedance. We want to use the ADS8321 SAR ADC
with a 5-Vpp differential input and a 2.5-V common-mode
voltage. We choose Rg = 1 kQ and Rp = 1 kQ. Rearranging
Equation 3 and using substitution, we can calculate

2Rg  2KkQ

= =666.7 Q.
Vsig | 4

RT=

Vour+

The nearest standard 1% value, 665 Q, should be used.
Then, rearranging Equation 2 and using substitution, we
can calculate

o 2kQ665 Q

=750 Q,
which is a standard 1% value. These values will provide
the needed attenuation function and will keep the FDA
stable. The Vy iInput on the FDA is then used to set the
output common-mode voltage to 2.5 V.

The input impedance is

Ziy = 2Rg + Ry [| 2R =2 kQ +665 Q1.5 kQ = 2461 Q,

which is higher than desired. If the input impedance really
needs to be closer to 2 kQQ, we can iterate with a lower
value. In this case, using Rg = 806 Q and Ry = 1 kQ will
yield Zpy = 2014 Q, which comes as close as is possible
when standard 1% values are used.

SPICE simulation is a great way to validate the design.
To see a TINA-TI™ simulation of the circuit in Example 1,
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bipolar input in Example 1

Figure 3. TINA-TI simulation waveforms of differential
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go to http//www.ti. com/lit/zip/slyt336 and click Open to Design Example 2

view the WinZip directory online (or click Save to down-
load the WinZip file for offline use). If you have the TINA-
TI software installed, you can open the file FDA_
Attenuator_Examples_Diff Bipolar_Input.TSC to view the
example (the top circuit labeled “Example 1”). To down-
load and install the free TINA-TI software, visit www.ti.
com/tina-ti and click the Download button.

The simulation waveforms in Figure 3 show that the
circuit simulates as expected. Vgig; pjsr is the 20-Vpp input;
Vouri_pigr 18 the differential output of the amplifier circuit;
and Vo, and Voyri- are the individual outputs of the
amplifier.

Using an FDA's R; and Rg; as an attenuator

The proposed circuit using gain-setting resistors to obtain
a balanced, differential bipolar input signal is shown in
Figure 4. In this circuit, the FDA is used as an attenuator
in a manner similar to using an inverting op amp. The gain
(or attenuation) is set by Rp and Rg:

Vour+ _ Rp
Vsig  Ra

Ry is used to set the noise gain to 2 for stability:
Rp
Rp =R |-

The equation for input impedance is Zpy = 2Rg.
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Using the same approach as for Example 1, with Rp = 1 kQ,
we calculate Rg = 4 kQ (the nearest standard 1% value is
4.02 k) and Ry = 2.67 kQ (a standard 1% value). This
makes Zpy = 8.04 kQ. The simulation results are the same
as before, but with this approach the only freedom of
choice given the design requirements is the value of Rp.

Figure 4. Using FDA's R and Rg as attenuator
for differential bipolar input
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directory online (or click Save to download the WinZip file
for offline use). Then open the file FDA_Attenuator_
Examples_Diff_Bipolar_Input.xls, and select the Diff
Bipolar FDA Rf_Rg Atten worksheet tab. To see a TINA-TI

directory online (or click Save to download the WinZip file
for offline use). If you have the TINA-TI software installed,
you can open the file FDA_Attenuator_Examples_Diff
Bipolar_Input.TSC to view the example (the bottom circuit
labeled “Example 27). Note that this circuit provides the
same results as for the circuit in Example 1. To download
and install the free TINA-TI software, visit www.ti.com/
tina-ti and click the Download button.

Conclusion

We have analyzed two approaches to using an FDA to
attenuate and level-shift high-amplitude, differential bipolar
signals to the input range of lower-voltage input ADCs.
The first approach uses an input attenuator with values
chosen to provide the required attenuation and to keep
the noise gain of the FDA equal to 2 for stability. The sec-
ond approach uses the gain-setting resistors of the FDA in
much the same way as using an inverting op amp, then a
resistor is bootstrapped across the inputs to provide a
noise gain of 2. The two approaches yield the same voltage
translation that is needed to accomplish the interface task.
Other performance metrics were not analyzed here, but
the two approaches have substantially the same noise,
bandwidth, and other AC and DC performance character-
istics as long as the value of Ry is the same.

The input-attenuator approach shown in Example 1 is
more complex but allows the input impedance to be
adjusted independently of the gain-setting resistors used
around the FDA. At least to a certain degree, lower values
can easily be achieved if desired, but there is a maximum
allowable Rq where larger values require the R, resistor to
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be a negative value. For example, setting Rq = 4 kQ results
in R; = 0 Q. The spreadsheet tool provided will generate
“#NUM!” errors for this input as it tries to calculate the
nearest standard value, which then replicates throughout
the rest of the cells that require a value for Rg; but this
value will work.

It should be noted that a circuit similar to the one in
Example 1, with a maximum Rg value and R = 0 Q,
results in the same circuit as the one in Example 2 that
uses the gain-setting resistors as the attenuator. It should
also be noted that the source impedance will affect the
input gain or attenuation of either circuit and should be
included in the value of Rg, especially if it is significant.

The approach in Example 2 is easier, but the input
impedance is set as a multiplication of the feedback resistor
and attenuation: Zyy = 2 x Rp x Attenuation. This does
allow some design flexibility by varying the value of R,
but the impact on noise, bandwidth, distortion, and other
performance characteristics should be considered.
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