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Abstract.
The paper presents a 24 V chopper offset-stabilized operational amplifier with symmetrical RC notch filters, having a 4–24 V supply range, and being realized using a 0.25 µm
BCD process. The amplifier has a typical offset voltage of 1.2 µV, a minimum PSRR of 128
dB, a minimum CMRR of 120 dB, a minimum open-loop gain of 134dB, a noise PSD of 30
√
nV/ Hz, 1.8 MHz unity gain bandwidth, and THD + noise of 0.0004 % at 1 kHz, while consuming 500 µA. The chopping frequency is 250 kHz. The input chopping clock phases are
obtained using a level shifter. Using minimum sized isolated NMOS transistors as switches,
the input current was reduced down to maximum 100pA at room temperature.
Key-words: Chopper offset-stabilized operational amplifier, high voltage, level shifter,
offset voltage, notch filter, bandwidth, slew-rate, noise.

1.

Introduction

This paper is an extended version of [1] and presents a 24 V chopper offset-stabilized operational amplifier with symmetrical RC notch filters, having a 4-24 V supply range, and being
realized using a 0.25 µm BCD process.
The usual precision chopper offset-stabilized operational amplifier gives both very low input
offset voltage and low noise, but works usually only between 1.8V and 5.5V: [2, 3] and [5].
Nevertheless, there are a lot of automotive applications which needs an extended supply
voltage range, from 4V to at least 24V. There are several known implementations of high voltage
precision operational amplifiers having different approaches: [4] and [6].
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Fig. 1. Block diagram of the high voltage chopper offset-stabilized amplifier with symmetrical RC notch
filters.

2.

Circuit description

A new approach of filtering was described in [3] and included within the high voltage chopper
offset-stabilized operational amplifier shown in Fig. 1.
It contains many elements of the operational amplifier from [3], having a revised frequency
compensation network, C1 to C5, and, using symmetrical passive RC (Resistor-Capacitor) notch
filters with two cutoff frequencies, the first being the fifth harmonic of the chopping frequency
(1.25 MHz), while the second is the chopping frequency itself (250 kHz). The chopping frequency was doubled if compared with previous circuit described in [3]. Also, the values of all
capacitors CF are halved to 2.5 pF, in order to maintain the same dynamic gain of Gm1 at the
chopping frequency, which guarantees a very low offset voltage.
The formula that gives the cutoff frequency of a single symmetrical passive RC filter is [3]:
1
(1)
2π · RF · CF
Imposing the above mentioned cutoff frequencies, the value of the five resistors RF1 used
in the first section of the notch filter, was found to be 50.93 kΩ, while the value of the five
RF2 resistors was 254.65 kΩ. These values were further trimmed down with 1 to 1.5% using
simulations to correct the mutual influence of the two filters.
The timing diagram shown in Fig. 2 illustrates that four synchronized clock signals, Phase
11, Phase 22, Phase 1, and Phase 2, are needed for proper operation. To reduce the current
consumption and maintain the stability of the clock frequency over the entire supply range, an
internal LDO is used to bias the oscillator OSC and the generator CLK GEN.
fcutof f =
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Fig. 2. Timing diagram.

While Phase 1 and Phase 2 clock signals are generated between GND and VLDO , Phase 11
and Phase 22 have to be floating, the virtual GND being the common-mode voltage, Vcm . This is
obtained within the LEVEL SHIFTER block by reading the input voltage of the circuit Vin . The
amplitude of Phase 11 and Phase 22 signals is given by a reference voltage, VREF , which should
be between 1.2V and 1.4V, as the Vcm domain of the circuit is between GND and VDD –1.5 V.
The switches used within the chopper are 5V NMOS isolated transistors having the smallest
dimensions in order to reduce the charge injection, and, respectively, the input bias current.
Nevertheless, using minimum sized transistors has a drawback: the voltage noise contribution of
the input switches becomes higher, as the equivalent resistance of the switches is few kΩ.
The frequency compensation network, C1 to C5, is placed at the output of the first RC notch
filter in order to improve the settling time. C1 and C2 are correlated to give the minimum error in
the magnitude versus frequency graph of the open-loop gain, as the two signal paths are summing
at the input of Gm3 stage. Capacitors C3 to C5 have higher values in order to reduce the glitches
within the output voltage. In order to optimize the response to step signals on the common-mode
voltage, capacitor C3 should have a value equal with the combined values of C2 and C5. In our
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case, C1 is 40 pF, C2 10 pF, C3 17 pF, C4 28 pF and C5 is 7pF.
The gain bandwidth product of the circuit is given by the values of the gm4 and C1:
gm4
(2)
2π · C1
Considering gm4=0.45 mS and C1=40 pF, the unity gain bandwidth results to be 1.8 MHz.
Gm2 stage works as the auxiliary input of the main inner op amp (Gm2, Gm3, and Gm4)
and has much smaller input transistors and corresponding gm2 parameter (gm2=0.1 mS). This
lower value is needed in order to smooth the open-loop magnitude versus frequency graph and
ensure stability. Gm2 receives the corrective signal generated by the chopper amp Gm1 which
was filtered and is intended to correct the overall offset voltage and reduce the noise at low
frequencies.
In order to obtain both low noise and high slew-rate (S.R.), Gm1 and Gm4 stages are biased at
a high level of current, especially Gm4. The circuit current budget is 500 µA and is distributed as
follows: 50 µA for chopper stage (Gm1), 320 µA for the main amp stage (Gm2, Gm3, and Gm4),
30 µA for LDO, 20 µA for OSC and CLK GEN, and, finally, 80 µA for LEVEL SHIFTER.
fU GBW =

3.

Chopper stage

Fig. 3 presents the simplified schematic for the chopper transconductance amplifier Gm1.
Transistors with 4 terminals are low voltage 5V devices, while those with 3 terminals are high
voltage 40V devices.
Gm1 stage is a fully-differential operational amplifier of the folded cascode type having as
input stage PMOS MP1-2, while the second stage consists of NMOS MN3-4, biased by NM1-2,
and having as active load MP3-4. The current through input stage is 19.5 µA (I1), while the
currents within the second stage are given by current sources I2-3 of 9 µA each. The proper operating point for cascoded current mirrors MN1-4 and MP3-4 are ensured with 2 voltage sources
V1 and V2, both having 1.25V. Output voltage level is established using the CMFB (Common
Mode Feed-Back) stage consisting of MN5-6, biased at 4.5 µA by the current generator I4. The
output transistors MN3-4 and MP3-4 have, together with MN5-6, small dimensions to improve
the frequency response. The overall current through Gm1 is chosen to be 50 µA, (8µA come
from bias arrangements).
Frequency compensation is needed for the CMFB stage, especially because of the 40V devices huge output resistance which increases the input resistance in MN3-4 common-gate stage
to a value much higher than the expected 1/gm.
While the DC differential voltage gain for Gm1 stage is quite high, over 80dB, the actual
differential dynamic voltage gain at the chopper frequency of 250 kHz is a much lower 66 dB.
Additional devices used to guarantee the ESD performance were not included in Fig. 3.
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Fig. 3. Simplified circuit diagram of Gm1 stage.

4.

Main amp stage

Fig. 4 presents the simplified schematic for the main amp stage consisting of the transconductance amplifiers Gm2, Gm3 and Gm4 (including capacitor C1). Basically, it is an operational
amplifier of the folded cascode type having 2 PMOS input stages: MP1-2 working as input for
Gm2, and MP3-4 as input for Gm4.
The current through Gm2 input is 20 µA (I1), while the one through Gm4 input is 90 µA
(I2). To reduce the current feed into the second stage, current sources I3 and I4, of 30 µA each
are used. The currents within the second stage, shared by Gm2 and Gm4, are given by 2 floating
current sources of 48 µA each done with pairs MN5-MP9 and MN6-MP10. The proper operating
point for cascoded current mirrors MN1-4 and MP5-8 are ensured with 2 voltage sources V1
and V2 having 1.5V. The currents through the floating current mirrors are fixed using the current
sources I5-8, each of 6 µA, and 4 stacks of diode-connected transistors: MN7-8, MN9-10, MP1112, and MP13-14. Transistors MN10 and MP14 are similar with the output transistors MN14
and MP18, respectively. The current through output stage (Gm3) is chosen to be 72 µA, which
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gives an overall consumption of Gm2, Gm3, and Gm4 stages of 320 µA (18 µA come from
bias arrangements). Two triple diode-connected transistors stacks, MN11-13 and MP15-17, are
keeping the gate-to source voltages of the output transistors MN14 and MP18 within 5V.
Frequency compensation is of cascoded Miller type. In this circuit 12V MIM (Metal-InsulatorMetal) capacitors were used, so it was needed to make stacks as in Fig. 4. Each of capacitors
C1A-D is 40pF. These capacitors replace C1 from Fig.1. The area of these capacitors is quite
large. Also, the area for capacitor C2 from Fig. 1 is large, as it has the same stack implementation
as C1 aka C1A-D.
Gm3 stage includes also current limit circuitry, but this was not shown in Fig. 4. Maximum
output current is limited at ±18 mA.

Fig. 4. Simplified circuit diagram of Gm1, Gm3, and Gm4 stages.

5.

Simulation results

Fig. 5 presents the transient simulation results showing the input offset voltage compensation
mechanism within the signal loop. This simulation was done using the unity-gain configuration,
at VDD =12 V, VCM =6V, T=27◦ C, and a load of 10 kΩ. A 2mV DC offset voltage source was
added at the input of Gm4.
In Fig. 5, from top to bottom, we have the following signals: output voltage of the circuit,
the differential input voltage of Gm1 stage, and the differential output voltage of the Gm1 stage.
To compensate the imposed VOS Gm234 of 2 mV, a corrective signal of 9mV DC (with opposite
sign) is needed at the input of Gm2 stage (as the gm4 /gm2 ratio is 4.5); this signal is found at
the output of Gm1 as a square signal having almost 18mV peak-to-peak (17.876mV peak-topeak, as gm4 /gm2 ratio is not precisely 4.5). At the input of Gm1 stage (middle graph) there is
a somehow distorted and much smaller square signal of the same frequency having only 8.4 µV
peak-to peak. This indicates that the actual differential dynamic gain of the Gm1 stage is, in the
considered conditions, exactly 2128 or 66.55 dB. The signal at the input of Gm1 is, in fact, the
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chopped VOS of the entire circuit, which means that VOS is expected to have a value of 4.2 µV.
Looking at the upper graph, we see that the error at the circuit output is truly around 4 µV (versus
the 6V target), plus certain glitches and settling errors.
The offset voltage of the circuit VOS can be expressed by the equation:
VOS =

VOS Gm234 · gm4
AV Gm1 f CLK · gm2

(3)

VOS Gm234 is the intrinsic input offset voltage of stages Gm234, while AV Gm1 fCLK is the
differential dynamic voltage gain of the chopper stage Gm1 at the chopper frequency of 250
kHz. With a proper design and layout, VOS Gm234 can be maintained within ±4mV.
Based on the simulation from Fig. 5 (AV Gm1 fCLK =2,128 and gm4 /gm2 =4.5), and considering
a worst case VOS Gm234 of 4mV, VOS from (3) becomes 8.45 µV, which is the maximum estimated
value of this parameter for the presented circuit. Additional work could further improve stage
Gm234 in terms of VOS , by symmetrical layout generation.
Fig. 6 presents the AC simulation results: while the upper graph is showing the magnitude
of open-loop gain versus frequency, the lower one represents the corresponding phase versus
frequency. The simulated AC performances are in line with target: unity-gain bandwidth is 1.805
MHz, while the phase margin is 65.6◦ . These simulated values were obtained at VDD =12 V,
VCM =6V, T=27◦ C and a typical load of 10 kΩ in parallel with 100 pF.
Due to the fact that the signals from both paths (Gm1+Gm2 and, respectively Gm4) are
combined at the input of Gm3, there are certain differences from ideal in both graphs: while the
magnitude has a shallow gap between 20 kHz and 200 kHz, with a minimum of 3.5dB around 60
kHz, the phase has a down-up variation with a modification of 21◦ between 43 kHz and 96 kHz.

Fig. 5. Transient simulation results showing input offset voltage compensation mechanism for Gain=1 and
VOS Gm234 =2mV.
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Fig. 6. AC simulation results showing frequency response of the circuit.

Using a single symmetrical RC notch filter (tuned to the chopping frequency) could smoothen
a lot the graphs from Fig. 6, the price being much more harmonics of the chopping frequency
within the output voltage. There is also a delicate equilibrium between these distortions and the
ratio between Gm2 and Gm4: if Gm2 stage is made smaller, with the corresponding gm2 having a
lower value, the graph errors are decreasing. Nevertheless, reducing gm2 parameter will increase
the input offset voltage of the entire circuit.

6.

Circuit layout

The proposed circuit was fabricated in a 4-metal 0.25 µm BCD process. As shown in Fig. 7,
which is the photo of the circuit, the capacitors (30 µm by 30 µm metal squares) occupy around
40% of the die area; entire die area being 1.5 mm2 . In order to reduce the capacitors area to
make room for bigger input stages (which leads to lower noise), a straight forward development
solution is to use higher voltage capacitors. This approach will also permit an updated current
budget to further correct the noise figure.
The input pads are placed on the left edge of the circuit, while on the right one we have, from
top to bottom: VDD , VSS and OUT pads.
The borders of the notch filters, Gm1 and Gm234 stages (excluding C1 compensation capacitor) are indicated in Fig. 7.
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Measurement results

Extensive measurements were performed on manufactured circuits. Electrical performances
are close to expectations, being comparable with previous works [4, 6].
The offset voltage VOS was measured to be typical 1.2 µV, and within ±10 µV at any supply
voltage at T=27◦ C. Average VOS temperature drift is only 0.024 µV/◦ C, PSRR minimum 128
dB, CMRR minimum 120 dB (for VDD >12V), and open-loop gain minimum 134 dB; all these
values are given over the entire temperature range of -40◦ C to +125◦ C for a load of 10 kΩ.
Measured gain bandwidth product is 1.8 MHz, while the phase margin is 62◦ for CL=100 pF.

Fig. 7. Photo of the circuit.

√
Fig. 8 presents the measured√input voltage PSD: eN0 is 30 nV/ Hz and almost flat up to
10 kHz, with a maxim of 70 nV/ Hz around 60 kHz. These results were obtained at VDD =12 V,
VCM =6V, T=27◦ C and a typical load of 10 kΩ in parallel with 100 pF. Measured noise is higher
than in previous works [4, 6], partially because of using minimum sized switches to lower the
input bias current.
Nevertheless, the new architecture of Fig. 1 gives good performance in terms of THD +
noise, as shown in Fig. 9: the graph is quite flat at frequencies higher than 1 kHz.
Average quiescent current IQ is 500 µA.
Fig. 10 shows the circuit large signal step response in the unity-gain configuration; there is
almost no overshoot or undershoot, while slew-rate S.R. is 1.6 V/µs (rising).
Table 1 contains a comparison between the electrical performances of this circuit versus
previously presented circuits from the same family. Generally, the performances are in line with
targets, except the noise figure, which has still to be improved.
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Fig. 8. Measured noise of the circuit.

Fig. 9. Measured THD + noise of the circuit.
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Fig. 10.
Table 1. My caption
This work
[4]
Year
2017
2009
Max. VDD [V]
24
36
IQ [µA]
500
250
fCLK [kHz]
250
250
Max. VOS [µV]
10
14
Min. CMRR [dB]
120
120
Min. PSRR [dB]
128
120
GBW [MHz]
1.8
2
Slew-Rate [V/µs]
1.6 N.A.
√
en [nV/ Hz]
30
14

8.

[6]
2015
60
840
1200
5
145
150
3.1
1.3
6.8

Conclusion

The paper presents a 24 V chopper offset-stabilized operational amplifier with symmetrical
RC notch filters, having a 4-24 V supply range, and being realized using a 0.25 µm BCD process.
The amplifier has a typical offset voltage of 1.2 µV, a minimum PSRR of 128 dB, a minimum
CMRR of 120 dB, a minimum open-loop gain of 134dB, a noise PSD of 30 nV/Hz, a 1.8 MHz
unity gain bandwidth, and a THD + noise of 0.0004% at 1 kHz, while consuming 500 µA. The
chopping frequency is 250 kHz. The input chopping clock phases are obtained using a level
shifter. Using minimum sized isolated NMOS transistors as switches, the input current was
reduced down to maximum 100pA at 27◦ C. The symmetrical passive RC filters have two cutoff
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frequencies: the fifth harmonic of the chopping frequency and the chopping frequency itself.
Electrical performances are comparable with those from [4] and [6]. Nevertheless, additional
work is needed to further reduce the noise, including the replacement of the 12V capacitors with
others having higher voltage capability. This will also make room for bigger input transistors in
both Gm1 and Gm234 stages.

References
[1] C. STANESCU, C. DINCA, David MCDONALD, David PAUL, A 24 V Chopper Offset-Stabilized
Operational Amplifier with Symmetrical RC Notch Filters Frequency, Proceedings of the Romanian
International Conference on Semiconductors (CAS), pp. 167–170, 2017.
[2] Rod BURT, Joy ZHANG, A Micropower Chopper-Stabilized Operational amplifier Using a SC Notch
Filter With Synchronous Integration Inside the Continuous-Time Signal Path, IEEE J. Solid-State
circuits, 41(12), pp. 2729-2736, 2006.
[3] C. STANESCU, C. DINCA, A. SEVCENCO, R. IACOB, Optimizing Frequency Compensation in
Chopper Offset-Stabilized Amplifiers With Symmetrical RC Notch Filters, Proceedings of the Romanian International Conference on Semiconductors (CAS), pp. 167–170, 2015.
[4] V. SCHAFFER, M. F. SNOEIJ, and M.V. IVANOV, A 36V programmable instrumentation amplifier
with sub –20 µV offset and a CMRR in excess of 120 dB at all gain settings, IEEE J. Solid-State
circuits, 44(7), pp. 2036–2046, 2009.
√
[5] Q. FAN, J. H. HUIJSING, and K. A. A. MAKINWA, A 21 nV/ Hz chopper-stabilized multi-path
current-feedback instrumentation amplifier with 2 µV offset, IEEE J. Solid-State circuits, 47(2), pp.
464–475, 2012.
[6] Yoshinori KUSUDA, 60V Auto-Zero and Chopper Operational Amplifier With 800 kHz Interleaved
Clocks and Input Bias Current Trimming, IEEE J. Solid-State circuits, 50(12), pp. 2804–2813, 2015.

