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1- and 2-Channel,
No Latency ∆Σ∆Σ∆Σ∆Σ∆Σ, 24-Bit
ADCs Easily Digitize
a Variety of Sensors

by Michael K. Mayes
and Derek Redmayne

Introduction
Since its introduction, the LTC2400’s
performance and ease-of-use have
transformed the method of designing
analog-to-digital converters into a
variety of systems. Some key features
that separate the LTC2400 from con-
ventional high-resolution ADCs and
enable direct digitization of many sen-
sors include:

❏ Ultralow offset (1ppm), offset
drift (0.01ppm/°C), full-scale
error (4ppm) and full-scale drift
error (0.02ppm/°C) without user
calibration

❏ Absolute accuracy typically less
than 10ppm total (linearity +
offset + full-scale + noise) over
the full operating temperature
range

❏ Ease-of-use (eight pins, no
configuration registers, internal
oscillator and latency-free
conversion)

❏ Low noise and wide dynamic
range (0.3ppmRMS with VREF =
VCC = 5V—21.6 effective bits of
resolution)

This article introduces two new
products based on the technology
used in the LTC2400. Both parts come

in tiny 10-pin MSOP packages. They
include full-scale and zero-scale set
inputs for removing systematic offset/
full-scale error. The LTC2401 is a
single-ended 1-channel device. The
LTC2402 is a 2-channel device with
automatic ping-pong channel
selection.

The absolute accuracy and near
zero drift of these devices enable many
novel applications, of which four are
presented here. The first application
uses the full-scale and zero-scale set
inputs of the 1-channel device
(LTC2401) to digitize a half-bridge
sensor. The second is a thermocouple
digitizer with a digital cold-junction
compensation scheme using the
automatic ping-pong channel selec-
tion of the LTC2402 for simplified
optocoupled isolation. The third com-
bines the LTC2402’s ping-pong
channel selection, absolute accuracy
and excellent rejection into a pseudo-
differential bridge digitizer. The final
application uses the LTC2402 to digi-
tize an RTD temperature sensor and
remove voltage drop errors due to
long leads using the second channel
and underrange capabilities.

, LTC and LT are registered trademarks of Linear Technology Corporation. Adaptive Power, Burst Mode, C-Load,
FilterCAD, Hot Swap, LinearView, Micropower SwitcherCAD, Multi-Mode Dimming, No Latency ∆Σ, No RSENSE,
Operational Filter, OPTI-LOOP, Over-The-Top, PolyPhase, PowerSOT, SwitcherCAD and UltraFast are trademarks of
Linear Technology Corporation. Other product names may be trademarks of the companies that manufacture the
products.

continued on page 3

IN THIS ISSUE…
COVER ARTICLE
1- and 2-Channel, No Latency ∆Σ,
24-Bit ADCs Easily Digitize a
Variety of Sensors .....................1
Michael K. Mayes and Derek Redmayne

Issue Highlights ....................... 2
LTC® in the News… ....................2

DESIGN FEATURES
Tiny SOT-23 Step-Down Regulator
Switches at 1MHz for Space-
Critical Applications .................5
Damon Lee

10µA Quiescent Current Step-Down
Regulator Extends Standby Time
in Handheld Electronics ............8
Greg Dittmer

Beware: Worst-Case Specifications
Can Be a Reality ..................... 10
Steve Hobrecht

400MHz Current Feedback Amps
Offer High Slew Rate without the
Gain Bandwidth Product
Limitations of Voltage
Feedback Amps....................... 12
Brian Hamilton

Tiny 12-Bit ADC Delivers 2.2Msps
Through 3-Wire Serial Interface
............................................... 15
Joe Sousa

DESIGN IDEAS
LTC1645/LTC1735 Circuit Solves
PCI Power Problem .................. 20
Ajmal Godil

Active Voltage Positioning Saves
Output Capacitors in Portable
Computer Applications ............23
John Seago and Ajmal Godil

ADSL Line Driver/Receiver
Design Guide, Part 1 ............... 26
Tim Regan

DESIGN INFORMATION ....... 32–35
(complete list on page 32)

New Device Cameos ..................36

Design Tools ............................39

Sales Offices ............................40



Linear Technology Magazine • February 2000 3

DESIGN FEATURES

Single-Ended Half-Bridge
Digitizer with Reference
and Ground Sensing
Sensors convert real world phenom-
ena (temperature, pressure, gas levels
and others) into voltages. Typically,
the voltage is generated by passing an
excitation current through the sen-
sor. This excitation current also flows
through wiring parasitics RP1 and RP2
(see Figure 1). The voltage drop across
these parasitic resistances leads to
systematic offset and full-scale errors.

In order to eliminate the errors
associated with these parasitic resis-
tances, the LTC2401/LTC2402
include a full-scale set input (FS SET)
and a zero-scale set input (ZS SET). As
shown in Figure 2, the FS SET pin acts
as a full-scale sense input. Errors
due to parasitic resistance RP1 in series
with the half-bridge sensor are
removed by the FS SET input to the
ADC. The absolute full-scale output
of the ADC (data out = FFFFFFHEX)
will occur at VIN = VB = FS SET (see
Figure 3). Similarly, the offset errors
due to RP2 are removed by the ground
sense input, ZS SET. The absolute zero
output of the ADC (data out =
000000HEX) occurs at VIN = VA = ZS␣ SET.

Parasitic resistances RP3–RP5 have
negligible errors due to the 1nA (typ)
leakage current at pins FS SET, ZS SET
and VIN. The wide dynamic input range
(–300mV to 5.3V) and low noise
(0.6ppmRMS) enable the LTC2401 to
directly digitize the output of a bridge
sensor.

Digital Cold-Junction
Compensation
In order to measure absolute tem-
perature with a thermocouple,
cold-junction compensation must be
performed. The LTC2402 enables
simple digital cold-junction compen-
sation. One channel measures the
output of the thermocouple while the
other measures the output of the
cold-junction sensor—diode, ther-
mistor or the like (see Figure 4).

The selection between CH0 (the
thermocouple) and CH1 (the cold junc-
tion) is automatic. The LTC2402
alternates conversions between the
two input channels and outputs a bit
corresponding to the selected channel
in the data output word. This simpli-
fies the user interface by eliminating
a channel-select input pin. As a result,
the LTC2402 is ideal for systems that
perform isolated measurements; it
only requires two optoisolators (one
for serial data out and one for the
serial data output clock).

Alternating conversions between
two input channels is difficult with
conventional ∆Σ ADCs. These devices
require 3–5 conversion cycle settling
every time the input channel is
switched. On the other hand, the
LTC24xx family uses a completely
different architecture than other ∆Σ

converters. This results in latency-
free, single-cycle settling. The
LTC2402 enables continuous con-
version between two alternating
channels without the added complex-
ity associated with conventional ∆Σ
converters.

Pseudodifferential
Applications
Generally, system designers choose
fully differential topologies for several
reasons. First, the interface to a 4- or
6-wire bridge is simple (it has a differ-
ential output). Second, good rejection
of line frequency noise is required.
Third, the output of the sensor is
typically a small differential signal
sitting on a large common mode
voltage; as a result, accurate mea-
surements of the differential signal
independent of the common mode
input voltage is needed. Many
applications currently using fully dif-
ferential analog-to-digital converters
for any of the above reasons can
migrate to a pseudodifferential
conversion using the LTC2402.
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Figure 1. Errors due to excitation currents

Figure 2. Half-bridge digitizer with zero-scale
and full-scale sense

Figure 3. Transfer curve with zero-scale and
full-scale set

Figure 4. Digital cold-junction compensation

LTC2401/LTC2402, continued from page 1
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Direct Connection
to a Full Bridge
The LTC2402 interfaces directly to a
4- or 6-wire bridge (see Figure 5). Like
the LTC2401, the LTC2402 includes
FSSET and ZSSET pins for sensing the
excitation voltage directly across the
bridge. This eliminates errors due to
excitation currents flowing through
parasitic resistances (RP1–RP4). The
LTC2402 also includes two single-
ended input channels that can be tied
directly to the differential output of
the bridge. The two conversion results
can be digitally subtracted, yielding
the differential result.

Noise Rejection
The LTC2402’s single-ended rejec-
tion of line frequencies (50Hz/60Hz
±2%) and their harmonics is better
than 110dB. Since the device per-
forms two independent single-ended
conversions, each with >110dB rejec-
tion, the overall common mode and
differential rejection is much better
than the 80dB rejection typically
found in other dif ferential ∆Σ
converters.

In addition to excellent rejection of
line frequency interference, the
LTC2402 also exhibits excellent
single-ended noise rejection of a wide
range of frequencies due to its 4th
order sinc filter (see Figure 6). Each
single-ended conversion indepen-
dently rejects high frequency noise
(>60Hz). Care must be taken to ensure
that noise at frequencies below 15Hz
and at multiples of the ADC sample

rate (15.6kHz) are not present. For
this application, it is recommended
that the LTC2402 be placed in close
proximity to the bridge sensor in order
to reduce the noise applied to the
ADC input. By performing three suc-
cessive conversions (CH0–CH1–CH0)
the drift and low frequency noise can
be measured and compensated
digitally.

Small Differential
Signals Sitting on Large
Common Mode Voltages
The absolute accuracy (<10ppm total
error) of the LTC2402 enables
extremely accurate measurement of
small signals sitting on large voltages.
Each of the two pseudodifferential
measurements performed by the
LTC2402 is absolutely accurate
independent of the common mode
voltage output from the bridge. The
pseudodifferential result obtained
from digitally subtracting the two
single-ended conversion results is
accurate to within the noise level of
the device  times the square root of 2
(3µVRMS • √2), independent of the
common mode input voltage.

Typically, bridge sensors output
2mV/V full scale. With a 5V excita-
tion this translates to a full-scale

output of 10mV. Divided by the RMS
noise of the LTC2402, this circuit
yields 2357 counts with no averaging
or amplification. If more counts are
required, several conversions may be
averaged. The number of effective
counts is increased by √2 for each
doubling of averages. For example, to
achieve 10,000 counts sixteen read-
ings should be averaged.

In order to achieve more counts, an
LT1126 low noise dual op amp can be
placed in front of the LTC2402, see
Figure 7. The noise performance of
this device is 2.6nV/√Hz. With a gain
of 100, the input-referred noise con-
tribution of the LTC2402 is less than
50nVRMS.
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Figure 5. Pseudodifferential strain gauge
application

Figure 6. Single-ended LTC2401/LTC2402
input rejection
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conversion range starts at the dark-
current value and the top of the range
is set externally to match the maxi-
mum possible output from the image
scanner. The voltage at AGND (pin 6)
may vary from 0V to 1V; that at VREF
(pin 5) may vary from 2V to 5V. The
LT1813 input buffer amplifiers may

not be necessary if the image sensor
has a low input impedance (<100Ω).

Reducing Power
at Low Sample Rates
The LTC1402 consumes 90mW in
normal operation, on either single 5V
or ±5V supplies. NAP and SLEEP
modes cut back power drain to 15mW
and 10mW, respectively. NAP mode
leaves the reference on and takes only
300ns to wake up, making it ideal for
saving power between conversions in
lower -sample-rate applications.
SLEEP mode also shuts down the
reference and takes 10ms to wake up.
The REFREADY bit in the output data
stream indicates when the reference
has settled to full accuracy. NAP and
SLEEP modes are easily set with two
or four pulses at the CONV pin (16)
input, respectively. One or more
pulses at the SCK pin (15) input wakes
up the LTC1402 for conversion.

Figure 10 shows the reduced power
consumption while the sample rate is
reduced and the NAP or SLEEP modes
is used between conversions. For
example, an undersampling appli-
cation with NAP mode between
conversions at a 455ksps sample rate
draws only 40mW.

Conclusion
The LTC1402 has all the speed and
AC and DC performance of fast 12-bit
ADCs with parallel data interfaces,
but it offers a much smaller, glueless
serial interface that saves space in
the 16-pin narrow SSOP package.
The tiny LTC1402 can be placed right
at the sensor for optimum analog
signal capture and the compact 3-
wire serial interface can be routed
through a system board, through a
cable or through an isolation barrier,
to serial ports on DSPs and other
processors.

Figure 10. Current consumption vs sample
rates for various operating modes and supply
configurations
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Figure 8. RTD remote temperature measurement

RTD Temperature Digitizer
RTDs used in remote temperature
measurements often have long leads
between the ADC and RTD sensor.
These long leads result in parasitic
voltage drops due to excitation cur-
rent in the interconnect to the RTD.
This voltage drop can be measured
and digitally removed using the
LTC2402, as illustrated in Figure 8.

The excitation current (typically
200µA) flows from the ADC reference
through a long lead to the remote
temperature sensor (RTD). This cur-
rent is applied to the RTD, whose
resistance changes as a function of
temperature (100Ω–400Ω for 0°C to

800°C). The same excitation current
flows back to the ADC ground and
generates another voltage drop across
the return leads. In order to get an
accurate measurement of the tem-
perature, these voltage drops must
be measured and removed from the
conversion result. Assuming that the
resistance is approximately the same
for the forward and return paths
(R1 = R2), the second channel (CH1)
on the LTC2402 can measure this
drop. These errors are then removed
with simple digital correction.

The result of the first conversion
on CH0 corresponds to an input volt-

age of VRTD + R1 • IEXCITATION. The
result of the second conversion (CH1)
is –R1 • IEXCITATION. Note that the
LTC2402’s input range is not limited
to the supply rails; it has underrange
as well as overrange capabilities. The
device’s input range is –300mV to
FSSET + 300mV (DOUT includes a sign
bit indicating a negative input). Add-
ing the two conversion results, the
voltage drop across the RTD’s leads is
cancelled and the final result is VRTD.

Conclusion
Linear Technology has introduced two
new converters to its 24-bit No Latency
∆Σ™ converter family. The family con-
sists of the LTC2400 (1-channel, 8-pin
SO), LTC2408 (8-channel, 24-bit ADC)
and the LTC2401/LTC2402 shown
here. Each device features excellent
absolute accuracy, ease-of-use and
near zero drift. The LTC2401/
LTC2402 also include full-scale set
(FSSET) and zero-scale set (ZSSET)
inputs for removing errors due to
systematic voltage drops. The perfor-
mance, features and ease-of-use of
these devices warrant that designers
reconsider the accuracy capabilities
of their future system designs.

LTC2401/LTC2402, continued from page 4




