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Ultralow-Noise Chopper Amplifier With
Low Input Charge Injection
Dietmar Drung and Jan-Hendrik Storm

Abstract—A chopper amplifier √
is presented that achieves an
ultralow voltage noise of 0.73 nV/ Hz down to a few millihertz.
Excess white and 1/f current noise was observed, which increases
with the chopping frequency. At the√lowest chopping frequency
of 570 Hz, a noise level of 40 fA/ Hz with a 1/f corner at
3 mHz is obtained, corresponding to a noise temperature around
1 K at the optimum source impedance of 18 kΩ. Special care was
taken to compensate the effect of switching spikes in the input
chopper, resulting in a low charge injection into the signal source.
The amplifier has a fixed gain of 1000. Postamplification and
postfiltering with a wide range of settings, as well as optical output
isolation based on a highly linear voltage-to-frequency converter,
make the instrument well suited for demanding applications in
metrology.
Index Terms—Chopper amplifier, input charge injection, nanovoltmeter, optical isolation, voltage–frequency conversion.

I. I NTRODUCTION

Fig. 1. Basic circuit diagram of the chopper amplifier. Details are omitted for
clarity.

optical output isolation is described in Section V. This paper
is finished with two application examples (see Section VI) and
a brief conclusion (see Section VII).

V

ERY low uncertainty resistance bridges based on cryogenic current comparators (CCCs) are used in many
national metrology institutes worldwide. They require a null
detector with very low equivalent input voltage and currentnoise levels. Commercial instruments like the nanovoltmeter
N11 from EM Electronics [1] are widely used for this purpose.
The N11 achieves the required ultralow noise performance but
is limited to a bandwidth below about 1 Hz, exhibits a relatively
low input impedance at high frequencies, and (under some circumstances) disturbs the superconducting quantum interference
device (SQUID) used in the CCC due to input charge injection.
In this paper, we present a newly developed chopper amplifier that matches the voltage noise performance of the N11
but has significantly improved current noise, measurement
bandwidth, high-frequency input impedance, and input charge
injection [2]. The amplifier is used as a null meter in our new
CCC-based resistance bridge [3] and allows us, for the first
time, to investigate the settling behavior of the bridge voltage
[4]. The design and the performance of the new amplifier
are presented in Sections II and III. Postamplification and
postfiltering of the output signal are discussed in Section IV.
A newly developed voltage-to-frequency V /f converter for
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II. A MPLIFIER D ESIGN
The basic building blocks of the chopper amplifier are depicted in Fig. 1. After passing a radio-frequency (RF) filter,
the direct-current (dc) input is converted into a square wave
by a chopper circuit [5] that is realized using high-speed
complementary metal–oxide–semiconductor (CMOS) switches
with a very low on-resistance of ≈ 3.5 Ω. Controlled by
clock fch , the signal is connected to the input of an alternatingcurrent (ac) coupled amplifier either directly (solid lines in
the chopper box) or with reversed polarity (dotted lines). The
amplifier involves three stages built with discrete junction
field-effect transistors, bipolar RF transistors, and high-speed
operational amplifiers. It has differential inputs and outputs,
a nominal gain of 2000, a gain-bandwidth product of about
50 GHz, and a low-frequency rolloff at ≈300 Hz. A 34-mHzhigh pass at the amplifier input eliminates the effect of the input
bias current drift, and a 310-Hz-high pass at the amplifier output
suppresses the low-frequency voltage noise.
The amplifier-output square wave is synchronously rectified
by another chopper, integrated using an operational amplifier,
and fed back to the input to provide an overall gain of 1000. The
operational amplifier has a high open-loop gain of 106 , which
results in high stability and linearity of the overall gain.
The output chopper is set into a high-impedance (hi-Z)
state for 230 ns after each clock edge. This “guard band”
reduces the effect of switching transients [5]. A special chargeinjection suppression circuit feeds an adjustable amount of
compensation charge into the amplifier input at each clock
edge. This strongly reduces the amplitude of switching spikes
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in the input chopper. The RF filter at the chopper input further
suppresses the switching spikes and makes the amplifier less
sensitive to electromagnetic interference (EMI). An optional
1-nF capacitor across the input improves the filtering of spikes
and enhances the EMI immunity. The total input capacitance
is 160 pF without the 1-nF capacitor. Note that only 50 pF is
caused by the amplifier alone.
The amplifier is housed in a hermetically closed metal box.
The supply voltage is ±5 V, and the total quiescent current is
about 65 mA. The power is taken from two 6-V 3.5-Ah lead batteries and is stabilized by low-noise ±5-V voltage regulators.
This enables continuous battery operation over long periods. A
special charging unit was developed, which is based on a homemade dc–dc converter with a high switching frequency of about
180 kHz. A ferrite ring core with an outer diameter of only
10 mm is used for the transformer in order to minimize capacitive coupling. The setup is very compact compared with other
low-noise highly isolated power supplies [6], [7]. In spite of the
small transformer size, a maximum charging current of more
than 0.5 A can be delivered. A very high electrical isolation
is achieved by using a polytetrafluoroethylene-insulated wire
for the transformer primary. Therefore, the mains operation
is possible even in sensitive measurements with virtually no
distortion or leakage.

Fig. 2. (a) Voltage and (b) current noise spectra of the amplifier for chopping
frequencies of (black lines) 570 Hz and (gray lines) 1.77 kHz. The current
noise was measured with a 10-MΩ resistor across the input. The low-pass
response caused by this resistor and the 1.16-nF input
√ capacitance, as well as
the Nyquist noise in the 10-MΩ resistor (≈ 40 fA/ Hz), was considered in
the data analysis.

III. A MPLIFIER P ERFORMANCE
The timer circuit allows a variation of the chopping frequency between 570 Hz and 177 kHz. The chopping frequencies are approximately√equally spaced in a log scale with an
increment factor of ≈ 10. The lowest chopping frequencies
of 570 Hz and 1.77 kHz are harmonically unrelated to 50 and
60 Hz, thus avoiding potential problems caused by mains interference. For measuring the voltage noise, we shorted the amplifier input directly on
√ the printed-circuit board. A very wide
minimum of 0.71 nV/ Hz was found for chopping frequencies
around 5.7 kHz. The root-mean-square (RMS) voltage noise
increased by only 3% when changing the chopping frequency to
570 Hz or 57 kHz. The noise was white down to a few millihertz
(cf. Fig. 2). At the highest
√ chopping frequency of 177 kHz, a
noise level of 0.77 nV/ Hz was measured.
The low-frequency noise spectra in Fig. 2 were averaged
for at least 12 h. During these overnight measurements, we
observed a drift of typically 1 nV/h. This was caused in part
by a somewhat unfavorable placement of the power supply in
the amplifier box, which leads to temperature gradients on the
amplifier board depending on the charging condition of the
batteries. This thermal interaction will be minimized in the final
amplifier version. The unadjusted input offset voltage was well
below 1 μV. For the noise measurements presented here, it was
not necessary to adjust the offset to zero.
The current noise was investigated in the aforementioned
range of chopping frequencies fch . We found three characteristic
√ noise components: a white “base” noise of about
20 fA/ Hz, which is independent of fch , plus white and 1/f
excess noises
√ depending on fch . The white chopping noise
(≈ 45 fA/ Hz at fch = 1 kHz)
√ scales
√ with the square root of
the chopping frequency, i.e., SI ∝ fch . In contrast, the 1/f

Fig. 3. Input-referred low-frequency performance of the amplifier for a chopping frequency of 570 Hz. Time traces (a) with a shorted input and (c) with
a 10 MΩ resistor across the input were acquired using an HP35667A signal
analyzer with a filter bandwidth of 0.4 Hz. The corresponding Allan deviations
σV and σI are shown on the right side in (b) and (d) as a function of the
measurement time τ . (Dotted lines)√Calculated from the white noise levels of
the noise spectra in Fig. 2 √
(σ ∝ 1/ τ ). Note that the Nyquist noise from the
10-MΩ resistor (≈ 40 fA/ Hz) is included in the current-noise data.

√
chopping noise (≈ 3.5 fA/ Hz at f = 1 Hz and fch
√ = 1 kHz)
linearly scales with the√chopping√frequency, i.e., SI ∝ fch .
Note that 1/f means SI ∝ 1/ f . The total current noise
for a selected chopping frequency can be predicted by building
the RMS sum of the three noise components. For example, for
the highest
√ chopping frequency of 177 kHz, a white noise of
0.6 pA/ Hz and a 1/f corner of about 1 Hz are predicted in
good agreement with the measured result.
Fig. 3 shows low-frequency time traces and the corresponding Allan deviations for a chopping frequency of 570 Hz.
The Allan variance is a convenient alternative to the power
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Fig. 4. Input charge injection of the chopper amplifier measured with a
10-kΩ source resistance. (Top to bottom) Chopper clock, input current without
optional 1 nF across the input, and input current with 1 nF. The traces are
vertically shifted for clarity.

spectral density for the description of noise effects [8]. As an
example, for a white voltage noise with a spectral density SV ,
the corresponding Allan deviation σV = (SV /2τ )1/2 , where
τ is the measurement
time.
√ Taking the white noise levels of
√
0.73 nV/ Hz and 40 fA/ Hz from the spectra in Fig. 2, we
predict Allan deviations of 163 pV and 9 fA, respectively, for
a measurement time of 10 s. The latter increases to 12.7 fA
when including the Nyquist noise in the 10-MΩ resistor connected across the amplifier input for performing the currentnoise measurements. The Allan deviations predicted from the
white noise levels (dotted lines in Fig. 3) are in good agreement
with the measured results over a wide range of measurement
times τ . Deviations at short measurement times are due to
the input filter of the signal analyzer, whereas those at long
measurement times are caused by the 1/f noise and (in the case
of the voltage noise) by drift effects.
For all current-noise measurements, a 10-MΩ resistor was
connected across the amplifier input. To ensure that the results
were not affected by the amplifier-input impedance, we estimated it by applying a test signal to the input either directly
or via a 1-GΩ resistor. The corresponding change in the output
signal was of the order of 1%, implying a sufficiently high input
impedance of about 100 GΩ.
The input charge injection was investigated by measuring
the voltage at a 10-kΩ resistor connected to the amplifier
input. As shown in Fig. 4, the optional 1-nF filter capacitor at
the amplifier input strongly suppresses the residual switching
spikes. Note that the net input bias current was adjusted to zero
via the charge-injection suppression circuit.
For comparison, we measured the noise and the input charge
injection of one of our N11 nanovoltmeters [1], which runs
at a chopping √frequency of 290 Hz. The voltage noise of
about 0.7 nV/ Hz is comparable with that of the presented
√
chopper amplifier, but the current noise of about 0.5 pA/ Hz
is considerably higher for similar chopping frequencies. The
N11 produces high-frequency current spikes of about 10 nA
into a 10-kΩ source corresponding to the 8-fC charge injection.
In contrast, the input spikes of our chopper amplifier are much
smaller (amplitude of about 300 pA and 1 fC with 1 nF across
the input). Thus, we conclude that the new amplifier is well
suited for precision measurements that require an ultralownoise level and a low charge injection into the signal source.
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Fig. 5. Concept of postamplification and postfiltering, allowing a wide range
of overall gain and measurement bandwidth. The chopper amplifier (LNA) is
followed by amplification stages (VGA) and first/second-order low-pass filter
stages (LPF1/LPF2). The latter are combined to provide third-order low-pass
responses with the quoted 3-dB cutoff frequencies. The filter stages have unity
gain unless otherwise noted.

IV. P OSTAMPLIFICATION AND P OSTFILTERING
The chopper amplifier has a fixed gain of 1000 and a smallsignal bandwidth of over 300 kHz. The corresponding input
voltage range is ±3 mV. Due to the chopping process, switching
spikes are superimposed to the amplifier output signal. Therefore, appropriate low-pass filters and postamplification stages
with selectable gain are mandatory for using the amplifier in
demanding metrology applications.
The order of the various postfilter and postamplification
stages is crucial. One has to ensure that neither the inputreferred amplifier noise level is degraded nor any of the filter/
amplification stages is overdriven or slew-rate limited. For
example, if the power-line interference exceeds the dynamic
range of an amplifier stage followed by a power-line filter, the
filter output might appear “clean,” although it is strongly distorted by the internal overload. Furthermore, filter stages with
a low cutoff frequency imply long time constants. Dielectric
absorption in the filter capacitors leads to a slowly decaying
distortion after a signal step, e.g., after each current reversal in a
CCC-based resistance comparison similar to the effect in the
long cables of the setup [4]. This parasitic signal is further
increased by the following amplification stages. Therefore,
filter stages with long time constants should be placed as close
as possible to the end of the amplification chain in order to
improve the recovery time after a strong overload.
Fig. 5 shows our concept of postamplification and postfiltering, which considers all these issues. The overall gain G can
be varied in 10-dB steps between 60 and 140 dB. The range of
cutoff frequencies covers five orders of magnitude, i.e., 0.4 Hz
to 40 kHz in steps of about 10 dB. The cutoff frequency can
be selected according to the measurement requirements and the
chopping frequency (cf. the pronounced chopping noise peak
in the voltage noise spectrum in Fig. 2). An inverted output
is realized to increase the flexibility. This allows, for example,
the realization of a low-noise amplifier (LNA) input resistance
RF /(G + 1) by simply feeding back the inverted amplifier output to the input via resistor RF . It has been recently suggested
to read out a series array of transition-edge sensors with the
presented chopper amplifier by using this feedback scheme [9].
The unfiltered amplifier output is available in position 1
of the selection switch in Fig. 5. The variable gain amplifier
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(VGA) after the switch provides 0–30 dB of extra gain. In
switch position 2, a high-frequency filter and an extra gain
stage can be activated. This filter consists of a passive RC
low pass that is directly placed at the chopper amplifier output
to effectively suppress the switching spikes before the signal
is passed to the gain stage. Together with an active secondorder low pass after the gain stage, an overall third-order lowpass response with a selectable 3-dB cutoff frequency of 13 or
40 kHz is obtained. This high-frequency filter is used as a
prefilter for the following filter stages when the switch is in
position 3. With the lowest cutoff frequency of 13 Hz, the
50-Hz power-line interference is reduced to about 4%. Finally,
in switch position 4, an extra low-frequency first-order low pass
can be selected to further reduce the wideband noise. Note that
the 4.2-Hz first-order low pass yields an overall 4-Hz cutoff
frequency when being combined with the preceding 13-Hz
third-order filter.
V. O PTICAL O UTPUT I SOLATION
An optically isolated amplifier output is desirable to avoid
ground loops in complex measurement setups. For some applications, it is even a must, e.g., in CCC-based resistance
bridges where leakage currents have to be avoided to achieve
high precision [10]. For our amplifier, we have realized an
optical output isolation based on the voltage-to-frequency V /f
conversion. We chose a relatively high output-frequency range
of 1–2 MHz to obtain a good dynamic behavior. The input
voltage range of ±3 V is converted into a frequency range of
±0.5 MHz centered around 1.5 MHz. Each hertz change in the
frequency output corresponds to a relative change of 1 × 10−6
of the full-scale (FS) output.
Commercially available monolithic V /f converters did not
provide sufficiently low noise and high speed for our new
CCC-based resistance bridge [3], particularly when using them
in the external feedback loop stabilizing the flux through the
SQUID. Therefore, in order to achieve the lowest possible
noise and a high bandwidth, we developed a homemade V /f
converter. It basically involves a high-speed comparator and
a precise 180-pF capacitor with a fast CMOS switch in parallel. The capacitor is relatively slowly charged until a certain
threshold voltage is reached. At this time, the comparator output
state changes and causes the switch to short the capacitor for
about 26 ns. After this discharge period, the next cycle starts
with charging the capacitor again. The charging current and,
thus, the charging time is controlled by the analog input voltage
such that a linear voltage-to-frequency conversion is obtained.
For our prototype, we measured a nonlinearity (i.e., maximum
deviation from a linear transfer function) of about ±0.1%. A
second-order low-pass filter at the input of the V /f converter
suppresses wideband noise.
The achieved nonlinearity is not sufficient for demanding
metrology applications. Therefore, we linearized the transfer
function of the V /f converter by using a servo loop with a
highly linear f /V converter (see Fig. 6). Below the unity-gain
frequency of about 13 kHz, the servo loop provides gain, and
the overall behavior (noise and linearity) is determined by the
performance of the f /V converter alone.

Fig. 6. Scheme of the V /f converter for optical isolation. The V /f converter
response is linearized by using a servo loop involving a highly linear f /V
converter. The frequency output can be back converted into an analog voltage
with a f /V converter identical to the one in the servo loop. Alternatively, a
counter may be used to convert the frequency output directly into a digital data
stream.

At each positive slope of the input-pulse sequence, a welldefined output pulse of 4.5-V amplitude and 420-ns duration
is generated in the f /V converter. The average voltage of
this precision output-pulse sequence linearly scales with the
pulse frequency provided that the pulse area (the product of
the pulse amplitude and duration) does not depend on the pulse
frequency. This can be achieved to a high degree by a careful
circuit design. The output of the precision pulse generator is
filtered with a fifth-order low pass such that the remaining ac
amplitude disappears in the noise band. The white RMS noise
level at the output of the f /V converter
scales
with the square
√
√
root of its input frequency, i.e., SV ∝ fIn . In contrast, the
1/f √
noise contribution linearly scales with the input frequency,
i.e., SV ∝ fIn . At the√center frequency of 1.5 MHz, a white
noise level
√ of 0.8 μV/ Hz and a 1/f noise contribution of
1.8 μV/ Hz at 1 Hz were obtained for the selected output
voltage range of ±3 V.
The dynamic behavior of the linearized V /f converter was
investigated by applying a test signal to the analog input and
measuring the voltage at the output of the f /V converter
(cf. Fig. 6). We found a small-signal bandwidth of about 40 kHz
and a circuit delay of 9 μs, measured between the 50% points
of the input and the output.
The test circuit of the linearized V /f converter showed a
good linearity but an insufficient thermal stability of the transfer
coefficient. This was caused by the temperature dependence of
the critical components in the f /V converter (mainly timing
capacitor and comparator delay), which affects the pulse area.
In order to improve the thermal stability, we added a reference
f /V converter, which is driven by a quartz clock and controls
the main f /V converter in an appropriate way. Provided that
both f /V converters are identical, thermal effects on the pulse
area are completely suppressed, but
√ the low-frequency RMS
noise is increased by a factor of 2. For the test circuit, we
observed a reduction of the temperature-induced effects by
about one order of magnitude.
The nonlinearity of the temperature-stabilized V /f converter
was determined by applying a known voltage to its input
using a Fluke 5720A calibrator combined with a Fluke 8508A
voltmeter and by measuring the output frequency with an
HP53132A counter. A gate time of 3 s was chosen, which
results in sufficiently stable frequency readings. We observed
short-term fluctuations of typically ±1 Hz, and a drift of about
2 Hz during the complete measurement, which took 45 min.
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Fig. 7. Measured nonlinearity of the V /f converter test circuit over the input
voltage range of ±3 V. The output-frequency span is 1 MHz, centered around
1.5 MHz. The highest frequency of 2 MHz is obtained for VIn = −3 V.

Fig. 7 shows the obtained nonlinearity (maximum deviation
from a linear fit) of ±20 Hz, which corresponds to ±2 ×
10−5 of the FS output or an integral nonlinearity of ±1.3
least significant bits of an equivalent 16-bit analog-to-digital
(A/D) converter. We expect that the remaining nonlinearity,
as well as the low-frequency noise and thermal stability, can
be further improved at the expense of a reduced bandwidth
by lowering the output-frequency range (center frequency and
span) and lengthening the pulse duration in the f /V converter
correspondingly. Our circuit design allows such a downscaling
by simply increasing the relevant capacitances accordingly.
The presented V /f converter provides an optical isolation
of analog voltages with a high bandwidth, a good precision,
and a relatively low noise level. For this, the optical output is
back converted into an analog voltage with a f /V converter
identical to the one in the servo loop. Systematic nonlinearities
in both f /V converters are suppressed. Alternatively, the V /f
converter may be used to digitize the nanovoltmeter output by
using a counter instead of performing an analog back conversion. This scheme of the A/D conversion is monotonic and
free of missing codes. It also integrates noise. Due to the high
output frequency, a good resolution can be achieved in a short
time. The power-line interference can be easily suppressed by
selecting a counter gate time of integer multiples of one powerline cycle.
VI. A PPLICATION E XAMPLES
Here, two application examples for the chopper amplifier are
presented. The amplifier was primarily developed for use as a
null detector in our new CCC-based resistance bridge [3]. In
a typical experiment, a 100-Ω standard resistor is compared
against the quantum Hall effect (QHE) at the filling factor
i = 2 (RK−90 /2 ≈ 12.9 kΩ) [10]. Currents are passed through
both resistors to produce nearly identical voltage drops of
0.5 V. The very small difference between these voltage drops
(the bridge voltage VBridge ) is measured using the chopper
amplifier. A high overall gain of 120 dB is typically selected.
To suppress the effect of thermal drifts, the currents are
periodically reversed. The difference ΔVBridge between the
bridge voltages for both polarities is a measure of the resistance
ratio. Typically, the cycle duration tCycle (the total time for one
positive plus one negative polarity) is much larger than 1 s.
A short cycle duration is desirable to minimize drift effects
caused, for example, by thermal electromotive forces (EMFs)
or air-pressure dependences. On the other hand, settling effects
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Fig. 8. Bridge-voltage difference ΔVBridge versus cycle duration tCycle in
a QHE vs. 100-Ω comparison. The error bars denote the expanded type A
uncertainty. (Dotted line) Expected dependence estimated from the measured
settling behavior of the bridge voltage [4].

in the resistors and/or in the connecting cables after each
current reversal set a lower limit for the cycle duration. The
high speed of our chopper amplifier made it possible, for the
first time, to investigate these effects over a wide range of cycle
durations [4].
Fig. 8 shows the measured bridge-voltage difference
ΔVBridge as a function of the cycle duration for cable 2 in [4].
The bridge voltage was sensed by the chopper amplifier with a
total measurement time of 24 min for each data point. Considering wait times after the current reversals, the net averaging time
was 45% of the total measurement time. With cycle durations
below about 10 s, a constant expanded type A uncertainty
(k = 2; ≈95% confidence) of 0.32 nV is obtained, which corresponds to a statistical uncertainty in the resistance ratio of 3.2
parts in 1010 . As the averaging time is equal for all data points in
Fig. 8, a constant type A uncertainty indicates the white noise.
For long cycle durations tCycle > 10 s, the uncertainty increases
due to the 1/f noise and the drift effects. This is however not
caused by the chopper amplifier, which has a much better lowfrequency noise performance (cf. Fig. 3). Rather, it is caused by
parasitics in the experimental setup, e.g., thermal EMFs in the
connecting cables and the resistor terminals or low-frequency
excess noise in the cryogenic components (CCC and SQUID).
The chopper amplifier was also tested in an automated setup
for the comparison of Josephson arrays [11]. The voltage step
of one of the arrays was measured as a function of the bias
current trim ΔIBias , whereas the other array was operated at its
nominal working point. The microwave frequency was adjusted
to obtain steps at 1.2 V. Like in the CCC experiment, the bias
currents were reversed to suppress the drift effects. The voltage
difference ΔVArray between the two arrays was determined
from the readings obtained for the two current polarities. Fig. 9
shows ΔVArray measured with the chopper amplifier (black
circles) and with an N11 nanovoltmeter (gray triangles). The
complete sweeps from −1 to +1 mA in steps of 20 μA took
about 2 h for the chopper amplifier and 3.5 h with the N11.
The chopper amplifier allows a precise measurement of the
voltage step, whereas the N11 shows a large scattering in the
displayed voltage values. This is not caused by a higher noise
of the N11 because the voltage noise levels of both instruments
are comparable, and current-noise effects do not play a role
due to the low dynamic resistance of the arrays at the voltage
step. Rather, the large scattering is a consequence of the too
low measurement speed of the N11 in this automated setup,
where the bias current is changed stepwise. During the current
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