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ABSTRACT
This paper describes the principle and design of a CMOS low-power, lowvoltage, chopped transconductance amplifier, for noise and offset reduction
in mixed analogue digital applications. The operation is based on chopping
and dynamic element matching, to reduce noise and offset, without
excessive increase of the charge injection residual offset. Experimental
results show residual offsets of less than 150µV at 100kHz chopping
frequency, a signal to noise ratio of 95dB, in audio band, for 100KHz
chopping and a THD of -89dB. The power consumption is 594µW.
1. INTRODUCTION
The CMOS technology for mixed signal applications becomes less and less compatible with
analog requirements due to the process tuning towards digital needs. As a consequence for
analog functions built in digital CMOS the signal swing reduces with power supply and so
does the dynamic range. Besides, 1/f noise properties are worsened for surface PMOST’s in
comparison to buried transistors, with an order of magnitude, and this under the conditions of
a heavy crosstalk via the substrate from digital functions. At 3.3V and a 0.5µm CMOS
technology, the substrate bounce can reach 300mV in amplitude with spectral contributions in
GHz range, further reducing the voltage swing [1], [4]. In conventional chopper stabilized
opamps for 1/f noise and offset reduction, differential amplifiers are being used and
bandwidth is limited to few tens of kHz [2]. Switching at the differential output will introduce
most of the switching noise and residual offset. This paper presents a chopped
transconductance amplifier which circumvents the above mentioned drawbacks. The chopping
frequency can reach MHz range without excessive increase in offset.
2. CIRCUIT PRINCIPLE
Fig.1 shows the circuit diagram. The input chopper M10, M11, M13 and M15 transposes the
differential input signal applied to the terminals IN+ and IN- to the alternate output nodes.

Fig.1: Circuit diagram
As a result, the signal is modulated at odd harmonics of the chopper frequency. The second chopper
M19, M20, M21 and M22 demodulates the signal and modulates 1/f noise and offset at odd
harmonics. A cascoded mirror M24, M25, M12 and M14 performs a broadband differential to
single ended conversion. The need for large bandwidth implies small transistor lengths for M12 and
M14 and therefore extra offset and 1/f noise. For this reason a third chopper is being introduced in
the signal path: M27, M28, M29 and M30. The transistors M12 and M14 are dynamically matched
[3] without consequences on signal. The unswitched cascode transistors provide further
improvement in switching noise and residual offset by low pass filtering some of the HF noise
components generated from chopping and keeping low voltage swings at their sources. In order to
minimize substrate interferences, only PMOS transistors and NMOS switches with small
dimensions are being used in the signal path [4]. The oxide capacitance of M34 decouples the BIAS
line to VSS. Substrate interferences present in the sources of cascode transistors M23 and M26 will
be also present at their gates such that gate source voltages of the same transistors can be considered
constant for HF substrate noise [4]. For the same reason, the current sources M6 and M7 have their
gates decoupled to VSS via a large capacitance.
3. NOISE AND OFFSET
Neglecting the noise introduced by cascode transistors and switches, the power spectral density of
the white and 1/f noise referred to the input is:
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where kFN and kFP are process dependent constants. Large transconductances of the differential input
pair give low white noise. 1/f noise can be minimized by increasing the area of the input pair and
increasing the transconductance of the input transistors in comparison to the transconductances of
M6 and M12. If ∆VT denotes the threshold mismatch, ∆β/β the relative gain factor mismatch, VGT
the effective gate voltage (VGS-VT), n the slope factor and UT the thermal voltage, the offset voltage
referred to the input can be computed from:
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The dominant terms in the offset voltage are due to the threshold mismatch of the input pair and the
threshold mismatch of M12 and M14. Large phase margins can be obtained when M12 and M14
have small lengths. This increases their contribution to the offset and noise. Dynamic element
matching is being used to reduce this effect. Fig.2 shows the simulated static dynamic range of the
OTA and the static offset as a function of the bias current JBIAS. The OTA has been configured as
a follower with 10MHz gain bandwidth product (GBW). By scaling down the current according to
W scaling [1] and keeping the same power supply voltage and GBW, a factor 10 reduction in power
gives a 10dB reduction in DR. This can be seen also from the DR*GBW product of the OTA. If P
denotes the total power, ∆ the saturation limits at the output node, n the slope factor and NEF the
noise excess factor DR*GBW is:
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By chopping, the offset of the amplifier is removed in the same way as 1/f noise. Charge injection in
the input modulator causes spikes at the input and this gives residual offset. The residual offset in a
follower configuration and after low pass filtering can be computed from:
Vos, residual = −Vinj
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Vinj represents the amplitude of the spikes at the input, T0 the time constant of the charge injected, T
is the chopping period and Cgs23 the gate-source capacitance of M23 and M26. By using Poisson
summation rule for series and considering gm2/2πCgs23 larger than Fchopp, we get:
Vos, residual = Vinj
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This shows an increase of the residual offset with chopping frequency and the energy of the spikes.
4. EXPERIMENTAL RESULTS
The chopped transconductance amplifier has
been realized in a 0.5 µm CMOS technology.
For measurements purposes OTA has been
configured as a follower with a bias current of
30 µA. Fig.3 shows the static offset and the
residual offset for 6 arbitrarily chosen circuit
samples after low pass filtering the output.
Without chopping (Fchopp=0), static offsets
of less than 680µV can occur. Chopping will
Fig.2: DR(static) and offset(static)
reduce the offset for relatively low chopper
frequencies but increasing the chopping
frequency the residual offset will increase.
This is in close agreement with eq. (5). The
residual offset at 100KHz chopping frequency is less than 150µV. At low chopping frequencies, a
minimum in residual offset occurs. Fig.4 shows the signal to noise plus distortion figure (SINAD)
for 100KHz chopping and 1KHz input. The input signal at 0dB reaches 2.8Vpp where distortion is
high and dominates SINAD. For low signal amplitudes the noise level is higher than the distortion
level. The measured signal to noise ratio in audio band (0..20KHz) after chopping is -95dB and
harmonic distortion (THD) is -89dB at -15dB signal level. Chopping increases signal to noise ratio
with about 6dB. The same performance can be achieved without chopping but increasing the power
consumption 4 times (2.4mW) as estimated by eq.(3). Fig.5 shows the chip photo and Table1 a
performance summary of the circuit.

Fig.3: Static(Fchopp=0) and residual offset

Fig.4: SINAD at Fchopp=93KHz
Open-loop gain
GBW
Offset(static)
Offset(chopped)
Chopping frequency
S/N|Fchopp=93KHz
S/N|Fchopp=0
Harmonic distortion
Supply voltage
Power consumption
Technology

Fig.5: Chip photo

>75dB
10MHz
<1.1mV
<370µV
Fchopp≤1MHz
95dB
89dB
-89dB
3.3V±10%
594µW
0.5µm, 2PS,
3AL, CMOS
Area
0.0308mm2
Table 1: Performance summary

5. CONCLUSIONS
A low-voltage, low-power, chopped transconductance amplifier for mixed analogue digital
applications has been presented. Chopping and dynamic element matching allow low noise and low
residual offsets up to 1MHz. The unswitched cascode transistors provide further improvement in
residual offset and switching noise by low pass filtering some of the HF components generated from
chopping. The sensitivity to substrate noise is taken into account in the design. Experimental results
show residual offsets of less than 150µV at 100KHz chopping frequency and a signal to noise ratio
in audio band of 95dB at 93KHz chopping. The power consumption is 594µW at 3.3V supply.
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