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LT1468: An Operational Amplifier
for Fast, 16-Bit Systems by George Feliz

Introduction
The LT1468 is a single operational
amplifier that has been optimized for
accuracy and speed in 16-bit sys-
tems. Operating from ±15V supplies,
the LT1468 in a gain of –1 configura-
tion will settle in 900ns to 150µV for
a 10V step. The LT1468 also features
the excellent DC specifications
required for 16-bit designs. Input off-
set voltage is 75µV max, input bias
current is 10nA maximum for the
inverting input and 40nA maximum
for the noninverting input and DC
gain is 1V/µV minimum. The LT1468
specifications are summarized in
Table 1. Two key applications that
illustrate its use are current-to-volt-
age (I/V) conversion following a fast,
16-bit current output digital-to-ana-
log converter (DAC), such as LTC1597
(Figure 1), and buffering the input of
an analog-to-digital converter (ADC),
such as the 333ksps LTC1604 (Fig-
ure 2). Both applications will be
discussed in detail to highlight the
LT1468 design requirements and
trade-offs.

16-Bit DAC
Current-to-Voltage Converter
with 1.7µs Settling Time
The key AC specification of the circuit
of Figure 1 is settling time as it limits
the DAC update rate. The settling
time measurement is an exception-
ally difficult problem that has been
ably addressed by Jim Williams,
beginning in the August 1998 issue

and concluding in this issue of Linear
Technology magazine and, in greater
detail, in Linear Technology Applica-
tion Note 74. Minimizing settling time
is limited by the need to null the DAC
output capacitance, which varies from
70pF to 115pF, depending on code.
This capacitance at the amplifier input
combines with the feedback resistor
to form a zero in the closed-loop fre-
quency response in the vicinity of
200kHz–400kHz. Without a feedback
capacitor, the circuit will oscillate.
The choice of 20pF stabilizes the cir-
cuit by adding a pole at 1.3MHz to
limit the frequency peaking and is
chosen to optimize settling time. The
settling time to 16-bit accuracy is
theoretically bounded by 11.1 time
constants set by the 6kΩ and 20pF.
Figure 1’s circuit settles in 1.7µs to
150µV for a 10V step. This compares
favorably with the 1.33µs theoretical
limit and is the best result obtainable
with a wide variety of LTC and com-
petitive amplifiers. This excellent
settling requires the amplifier to be
free of thermal tails in its settling
behavior.

The LTC1597 current output DAC
is specified with a 10V reference input.
The LSB is 25.4nA, which becomes
153µ V after conversion by the
LT1468, and the full-scale output is
1.67mA, which corresponds to 10V
at the amplifier output. The zero-
scale offset contribution of the LT1468
is the input offset voltage and the

inverting input current flowing
through the 6k feedback resistor. This
worst-case total of 135µV is less than
one LSB. At full-scale there is an
insignificant additional 10µV of error
due to the 1V/µV minimum gain of
the amplifier. The low input offset of
the amplifier ensures negligible deg-
radation of the DAC’s outstanding
linearity specifications.

With its low 5nV/√Hz input voltage
noise and 0.6pA/√Hz input current
noise, the LT1468 contributes only
an additional 23% to the DAC output
noise voltage. As with any precision
application, and particularly with wide
bandwidth amplifiers, the noise band-
width should be minimized with an
external filter to maximize resolution.

ADC Buffer
The important amplifier specifications
for an analog-to-digital converter
buffer application (Figure 2) are low
noise and low distortion. The LTC1604
16-bit ADC signal-to-noise ratio (SNR)
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Table 1. LT1486 key specifications
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(Figure 1's Circuit)

Figure 1. 16-bit DAC I/V converter with 1.7µs settling time
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of 90dB implies 56µVRMS noise at the
input. The noise for the amplifier,
100Ω/3000pF filter and a high value
10kΩ source is 15µVRMS, which
degrades the SNR by only 0.3dB. The
LTC1604 total harmonic distortion
(THD) is a low –94dB at 100kHz. The
buffer/filter combination alone has
2nd and 3rd harmonic distortion bet-
ter than –100dB for a 5VP-P, 100kHz
input, so it does not degrade the AC
performance of the ADC.

The buffer also drives the ADC
from a low source impedance. With-
out a buffer, the LTC1604 acquisition
time increases with increasing source
resistance above 1k and therefore the
maximum sampling rate must be
reduced. With the low noise, low dis-
tortion LT1468 buffer, the ADC can
be driven at maximum speed from
higher source resistances without
sacrificing AC performance.

The DC requirements for the ADC
buffer are relatively modest. The
input offset voltage, CMRR (96dB
minimum) and noninverting input
bias current through the source resis-
tance, RS, affect the DC accuracy,

but these errors are an insignificant
fraction of the ADC offset and full-
scale errors.

Circuit Description
A simplified schematic of LT1468 is
shown in Figure 3. The circuit is a
single, folded-cascode gain stage for
fast settling and high bandwidth. The
inputs are PNP transistors Q1 and Q2
with bias current cancellation from
current source I7–Q12 to match Q1
and Q2, and the current mirror com-
posed of Q13, Q14 and Q15. I7 is
trimmed to minimize the inverting
input current (critical for errors in
DAC I/V circuits). The input devices
are protected by 100Ω resistors and
back-to-back diodes D1 and D2. The
collectors of Q1 and Q2 are loaded by
current sources I3 and I4 and the
emitters of cascode transistors Q3
and Q4. I3 and I4 are trimmed to null
the input offset voltage.

The mirror formed by Q5 and Q6
performs differential-to-single ended
conversion into the high gain node at
the collectors of Q4 and Q6. To
increase the gain of this single stage,
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the Q5–Q6 mirror is bootstrapped by
follower Q7 and current source I2 so
that the mirror floats with the output
level. With this scheme, Q6 never
sees a change in base-collector volt-
age and does not degrade the gain
with its output impedance, which is a
factor of 5–10 lower than that of NPNs
Q3 and Q4. By choosing I2 so that Q7
runs at twice the collector current of
Q5–Q6, the base current of Q7 bal-
ances the combined base currents of
Q5 and Q6. A benefit of this balanced
design is low offset voltage drift
(2µV/°C maximum).

The output stage is formed by Q8,
Q9, Q10 and Q11 and current sources
I5 and I6. This stage further buffers
the gain node from the output. The
path from the emitter of Q7 to the
output has symmetrical current gain,
as it contains both an NPN and PNP,
whether sourcing or sinking current.
This balance reduces 2nd harmonic
distortion.

Frequency compensation is set by
capacitor C1 on the gain node for a
90MHz gain bandwidth at 100kHz.
Capacitor C2 rolls off the mirror gain,
which produces a pole-zero pair so
that the open-loop response reaches
unity gain at 25MHz with 42° of phase
margin. C2 is bootstrapped to the
output so that it does not degrade
slew rate. The gain and phase versus
frequency are shown in Figure 4. Slew
rate is set by I1 and C1 and is typi-
cally 22V/µs.

Design Trade-Offs
Previous precision designs had
multiple gain stages and highly bal-
anced configurations. The price paid
by these classic designs is lack of

FREQUENCY (Hz)

GA
IN

 (d
B)

10M

1418_02a.EPS

70�

60�

50�

40�

30�

20�

10�

0�

–10
10k 100k 1M 100M

PHASE

GAIN

100�

80�

60�

40�

20�

0�

–20�

–40�

–60

PHASE (DEGREES)

Figure 2. ADC buffer

Figure 3. LT1468 simplified schematic

Figure 4. LT1468 gain and phase vs frequency
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bandwidth, slew rate and settling time.
The LT1468 uses a single stage
topology to obtain excellent AC speci-
fications with high bandwidth and
state-of-the-art 16-bit settling. The
demands of precision dictate a fully
balanced design and painstaking care
in the die layout. The AC perfor-
mance is ultimately limited, however,
by the need for high gain and low
input bias current. High gain requires
bootstrapping the current mirror in
the signal path, which degrades phase
margin at high frequency. For this
reason the mirror is compensated to
lower the unity-gain frequency of the
amplifier, which reduces bandwidth
at low closed-loop gains.

To obtain low input bias current,
the choice of operating currents is
limited by the accuracy of the input
bias current cancellation circuitry.
With trimming, up to a 50× reduction
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in IB can be achieved. This constraint
sets the maximum value of current
source I1, which also places limits on
bandwidth, slew rate, noise voltage
and noise current. The LT1468 total
noise is best with source resistance in
the 1kΩ to 20kΩ region, where any

increase in noise is due to the resistor
(Figure 5).

It should be noted that the input
bias current cancellation current is
not bootstrapped to the input stage to
provide constant IB vs input common
mode voltage. The reason is simple:
this circuitry runs at submicroamp
current levels and has no chance of
settling if it is allowed to move with
the inputs. The IB is optimized for
inverting configurations with a con-
stant input voltage and provides
excellent settling.

Conclusion
The LT1468 has an unequaled blend
of speed and precision that is ideal for
16-bit applications. Its unique virtues
also provide outstanding performance
in low distortion active filters and
precision instrumentation.

Figure 5. Total noise vs unmatched
source resistance

discrete pulses. The output capacitor
must supply the entire load current
for at least a portion of the switching
cycle, so output capacitor ripple cur-
rent rating and ESR may be an issue.
Maximum available output current
will usually be a strong function of
input voltage. Supporting low VIN-to-
VOUT ratios may require additional
components for maintaining control-

loop stability. A detailed theoretical
analysis of this topology and its
behavior can be found in Linear Tech-
nology Application Note 44.

Conclusion
The LT1676 and LT1776 provide ex-
cellent efficiency in high input voltage/
low output voltage switching regula-
tor applications. This LT1776’s 8-pin

SO package and 200kHz switching
rate are especially useful in imple-
menting compact power supply
solutions. These devices’ innate abil-
ity to avoid pulse skipping under light
loads, plus the optional sync func-
tion, aid in controlling the frequency
spectrum of switching-generated
noise.

LT1676/LT1776, continued from page 9
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Performance
Table 1 summarizes the major per-
formance specifications of the
LT1675; Figure 8 shows a graph of
crosstalk.

Conclusion
By taking full advantage of LTC’s new
complementary high speed bipolar
process, the LT1675 RGB multiplexer
dramatically raises the level of per-
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formance while saving PC board
space. A channel-to-channel toggle
rate of 100MHz makes the LT1675
perfect for pixel switching and the
simple expansion feature using the
ENABLE pin is ideal for RGB routing.
A fixed gain of two for driving double
terminated cables simplifies PC board
layout and boosts performance. These
high per formance multiplexers
complement the large number of video
products offered by LTC.

Figure 8. LT1675 crosstalk rejection vs
frequency

LT1675, continued from page 17


