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Bandwidth, dc gain, offset and noise are the major performance
parameters that limit the applicability of operational amplifiers
(opamps). The design of a general-purpose opamp in a digital
CMOS process that offers excellent performance in all these
categories is a long-standing challenge for the analog designer.
While MOSFET amplifiers have extremely small bias currents,
they exhibit much larger offset voltages and low-frequency noise
than their BJT counterparts.

Ahigh-performance opampin a 1pm 5V digital CMOS technology
achieves high dc gain, as well as excellent PSRR and CMRR and
is capable of driving a 100Q, 1nF load. It uses a mixed-mode
(analog/digital) compensation loop to reduceinputoffset to <50uV.
The loop uses digital offset extraction and storage circuitry, and
has an analog current-mode output. Offset cancellation can be
performed at power-up or upon request.

Unlike existing commercially available low-offset high-precision
amplifiers, the opamp needs only a single 5V low-voltage supply,
requires no trimming, and uses no BJTs or JFETs. Thus, although
developed as a stand-alone product, it can potentially be used as
an on-chip component of larger mixed-mode ICs.

A schematic of the autocalibrated offset opamp is shown in Figure
1. For high dc gain, large bandwidth, high CMRR and PSRR, and
drive capability, the opamp is built around a 3-stage topology: two
gain stages and one rail-to-rail, class AB output stage. The input
pair M1 and M2 is cascoded by transistors M5 and M6 to
maximize CMRR performance. A multipath nested Miller topol-
ogy is used for frequency compensation [1]. The additional input
pair M3 and M4 bypasses the intermediate stage M7 and M8 at
high frequencies to improve stability.

A smooth transition from the high-gain, low-frequency path to the
low-gain, high-frequency path requires matching
transconductances of M1 and M2 to those of M3 and M4. The
class-AB output stage features rail-to-rail voltage swing and
incorporates additional switches (M12 and M13) to put the output
node into high-impedance mode during auto-calibration [2]. The
offset cancellation uses a current-mode DAC (CALDAC), the full-
scale current of which is approximately 10% of the input pair tail
current. This allows the cancellation of up to +5 mV input offset.
The digital code producing the cancellation currentis storedin the
successive approximation register (SAR).

During autocalibration, when CAL=1, the opampis removed from
the signal path. Both inputs are tied to GND and the output
transistors M10 and M11 are disconnected from their respective
supplies. The output is thus floating, while the small replica
transistors M20 & M21 (scaled to M10 & M11) are used to provide
the amplifier output signal for the calibration circuit. The com-
pensation capacitors Ccl, Cc2 and Cc3 are no longer necessary
since the opamp is now used in open-loop configuration as a
comparator, and are also disconnected from the output terminal.
When offset cancellation is initiated after power-up or user
request, an on-chip RC oscillator is activated to provide timing of
the successive approximation algorithm, which is completed after

N clock cycles, where N is the number of bits required by the DAC.

During calibration, the output offset voltage approaches zero, and
the amplifier enters its linear operating range. However, due to
high-frequency noise, the output voltage may swing rapidly up
and down, since the opamp is no longer band-limited by the
compensation capacitors. This could severely limit the accuracy of
an offset cancellation procedure (such as the successive approxi-
mation algorithm) that does not involve some kind of averaging.

This is the reason why a simple low-pass filter (LPF) is introduced
in the decision chain. The LPF is implemented here in an analog
manner and is followed by a Schmitt trigger to interface with the
SAR logic. Note that filtering could be implemented digitally as
well, but this was found to require more chip area.

The key opamp parameters CMRR, PSRR and offset drift are
optimized for offset performance. The linearity of the CALDAC,
however, is not important as long as its monotonicity is guaran-
teed. The DAC is implemented as a binary-weighted current
array using a pseudo R-2R MOSFET ladder architecture that
requires only 3N identical MOSFETS for N- bit resolution [3]. The
DAC areaisonly 0.04mm?2for N=12, including the control switches.

The ability to read from or to write into the SAR register directly
is a feature of this architecture that allows easy monitoring of the
offset performance by retrieving the digital code stored in the SAR
after calibration, For example, during wafer testitis easy to check
whether the offset stays within presribed limits by making sure
that the opamp output changes from zero to VDD when lower and
upper full-scale codes are entered successively into the SAR.

A die micrograph of the 2.2x1.9mm? chip containing two opamps
is shown in Figure 2. It is in a 5V single-poly, double-metal, 1pm
digital CMOS process. To fit into an 8-pin package while preserv-
ing compatibility with current industry standards, the circuit is
programmed to perform offset auto-calibration automatically
after power-up. Each opamp is protected against short-circuits
and has its own biasing, calibration DAC and control logic. They
share a 10kHz RC oscillator and frequency divider, power-on
reset and test mode control logic. Autocalibration is simultaneous
on both amplifiers and requires about 250ms. Performance of the
op amp is summarized in Table 1, the offset and offset drift
distributions are given in Figures 3 and 4. Equivalent noise input
and amplification and phase margin variation with frequency are
shown in Figures 5 and 6.

Acknowledgments

This work was supported by Texas Instruments. The authors
thank F. Sweeney, T. Neale and M. Chiang for support and
management, M. Teklu and E. Fretheim for circuit
characterisation, P. Deval for technical support and the TLC4502
team for their efforts.

References:

[1] Eschauzier,R.G.H.,L.P.T. Kerklan,J. H. Huijsing, "A 100-MHz 100-
dB Operational Amplifier with Multipath Nested Miller Compensation
Structure," IREE J. Solid-State Circuits, vol. SC-27. pp.1709-1717, Dec.,
1992.

[2] Monticelli, D. M., "A Quad CMOS Single-Supply OP Amp with Rail-
to-Rail Output Swing," IEEE J. Solid-State Circuits, vol. SC-21. pp.1026-
1034, Dec., 1986.

[3] Vittoz, E. A., X. Arreguit, "Linear networks based on transistors,"
Electron. Lett., vol. 29, pp. 297-298, Feb., 1993.

Authorized licensed use limited to: ADI Research Library (ARL). Downloaded on September 24,2024 at 01:35:27 UTC from IEEE Xplore. Restrictions apply.

ANALOG EXHIBIT 1005

Page 1 of 2



Start CAL

DISTRIBUTION OF INPUT OFFSET VOLTAGE

T
o 12 |486 Amplifiers from
b 8 Wafer Lot
VDD = +/- 2.5V
7] =
@, |Ta=25C
w
o
3
g
<
'
S
w
L]
<
=
z 4
w
o
[
I}
& 2
)
-60-55-50-4540-3530-2520-1510-5 0 5 10 15 20 2530 35 40 45 50 55 60
VIO - INPUT OFFSET VOLTAGE - pV
Figure 3: Distribution of input offset voltage.
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Figure 4: Input offset voltage temperature coefficient.
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Figure 5: Equivalent input noise.
Figure 1: Simplified circuit schematic.
Figure 2: See page 483.
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Figure 6: Amplification and phase margin vs. frequency.

Input offset
Input offset drift
Input offset
Input bias

Equivalent input noise

at 10Hz/1kHz
CMRR dc/ 100kHz
PSRR dc / 100kHz
Common mode range

Voltage gain (RL=1 kQ)

Unity-gain bandwidth

Phase margin (CL=100 pF)70

Full-power bandwidth

Slew rate

Output swing (RL=600%) 0.1

Short-circuit

current limiting
Supply current
Supply voltage range

Offset calibration time

Table 1:

Min Typ Max
-50 Figure 3 50
-3.0  Figure 4 3.0
5
20
70 /10
105 /65
120 /865
-0.2 3.2
4000
4.5
600
-33. 3.9
49
=60
1.3
3.5 5.5
250

Measured performance at
VDD =5V and Ta = 25°C.

Unit

nVA(Hz)
dB

dB

v

V/mV
MHz

kHz
Vins
\'
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