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This document is an account of the lessons the authors learned while examining possible
circuit artifacts that might exist in data gathered in real experiments. It aims at providing new
users of cryogenic electronic setups for transport measurements with some coarse guidelines
and reminders regarding how to mitigate unwanted artifacts while measuring with a lock‐in
amplifier. Wemake no attempt at comprehensiveness, but rather focus on themost commonly
occuring mistakes in our specific experiment setups in the Topo group within QuTech.

1 Using a lock‐in to measure conductance
Mesoscopic transport devices are often measured with the “standard DC + lock‐in technique”
even when the device itself is modeled as a purely resistive circuit component. Since major
parts of this document are devoted to the caveats of measuring resistance/conductance with a
lock‐in, we would like to briefly discuss why the lock‐in is useful at all for such purposes. After
all, purely DC circuits are perfectly capable of measuring conductance and do not suffer from
any L,C in the circuit, intentional (filtering, amp design) or parasitic, which we will address at
length below.

The most noticeable drawback of DC I − V measurements is noise: it is often the differen
tial conductance that is the quantity of most interest to us and taking numerical derivative is
a procedure that is bound to be noisy. Lock‐in also filters out noise outside of a narrow band
(f ± τ−1, with τ being the integration time and f measurement frequency) while DC is exposed
to 1/f noise all the way down to zero frequency.

However, lock‐in conductance measurements can easily introduce systematic errors on the
order of 10% of the total signal if operated with the wrong settings as we will show below, while
DC current measurements do not suffer easily from these complicated circuit artifacts. Thus,
although the lock‐in is a very useful tool especially whenwe caremore about features than accu‐
rate conductance values, extra attention should be paid if the accurate values do concern you.
Here are some simplest rules to keep in mind to make sure your experiment is not affected by
the artifacts addressed in this document:

• Perform the same measurement again in DC and check whether the values you obtain
agree with each other up to the error margin you are willing to accept.

• Then, if the two do not agree, repeat the same measurement with various circuit settings
that are expected to be irrelevant to your physics. Try another lock‐in frequency (e.g. 2x
and 0.5x the original) and check if your results are strongly frequency‐dependent. Reduce
the filtering strength and see if it does more than simply increasing the noise, etc.

• Beware of a large lock‐in phase: you may not be able to recover correct values from your
data when the angle is too large.
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Figure 1: Example circuit consisting of two RC filters and one sample resistor in series, under
a voltage bias V .

If the results do not agree, that means your lock‐in measurement probably suffered from
circuit artifacts. Next we analyze in more detail how to avoid these.

2 Fridge line filters at finite frequency
The first question a newcomer to lock‐in measurements might ask is whether they should use
the X or R component to compute their device resistance. We can take a look at what the X and
R are in this very simple circuit in Fig 1, representing a sample Rd in the fridge and two RC
low‐pass filters in the fridge line (or on PCB), R1, C1, R2, C2, under voltage bias V . We assume
for now there is a perfect current meter (meaning no input resistance, Zin = 0) inserted at the
position of either I1 or I2 which reads out the corresponding current. The latter configuration
is most frequently used so we’ll focus on it more next. The former is most typically seen in a
3‐terminal nonlocal conductance measurement.

2.1 When things are right
In DC, this circuit is trivial. I1 = I2 = I and the measured resistance is V /I = R1 +R2 +Rd as
expected. We simply need to deduct R1 +R2 from the total and obtain the device resistance.

At finite frequencies ω = 2πf , we need to take all circuit parameters to be complex. Despite
this change, the validity of the above procedure will continue to hold so long as the two capacitors
do not draw any current. This requirement can be written as

Ri ≪ (ωCk)
−1, ∀i, k (1)

The subscripts take a looser form than depicted in the circuit because in real fridge lines fil‐
ters often come in several stages and this is just an illustration to showcase the basic principles.

Equivalently, this is requiring we stay well below the cutoff frequencies defined by any Ri, Ck

combination:

f ≪ fik ≡ 1

2πRiCk
(2)

To get a quick estimation onwhat thismeans, we only need to be familiarwith the fridge line
bandwidth and resistance values. Here we assume R1 = R2 = Rf is the total line resistance,
C1 = C2 = Cf and they define the fridge line bandwidth f0 ≡ 1/(2πRfCf ).
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• If Rd < Rf , we simply need to stay well below f0, which is typically > 1 kHz and very
easily satisfied.

• If Rd ≫ Rf , we need to stay well below f0 · Rf

Rd
. Note that this necessarily breaks down

when Rd → ∞, e.g. when measuring inside the Coulomb or superconducting gap.

In the next section we see what happens when the capacitors do draw currents.

2.2 When things go wrong
Now we calculate I1, I2 without any assumptions on C1, C2 and see what are the currents mea‐
sured by the current meters in either situation. The total load impedance of this network Ztot is
(|| denotes the resistance shunt operation and τi ≡ RiCi):

Ztot =

(
R2||

1

jωC2
+Rd

)
|| 1

jωC1
+R1 (3)

=
(R1 +Rd +R2)− ω2τ1τ2Rd + jω[τ1(Rd +R2) + τ2(R1 +Rd)]

1− ω2τ2RdC1 + jω[C1(Rd +R2) + τ2)]
(4)

If we have a meter measuring I1, the total measured response is V /I1 = Ztot. See Appendix
for derivations and more discussions on this situation.

If we have a meter measuring I2, the final expression of the measured response is simpler:

V

I2
= (R1 +Rd +R2)− ω2τ1τ2Rd + jω[τ1(Rd +R2) + τ2(Rd +R1)] (5)

• It looks as if we are measuring an inductive load even though there are only capacitors in
this network. This is merely a result of comparing the voltage and current at two separate
locations in the circuit.

• Neither X nor R on the lock‐in is the right value to use if the angle is large, but the real part
of the inverse of the lock‐in reading (which is different from the inverse of the real part). The
device resistance is obtained as

ℜ
[
V

I2

]
−R1 −R2 = (1− ω2τ1τ2)Rd (6)

Since ω2τ1τ2 is typically< 0.01, the result is close toRd if all other elements of the circuit
are ideal (the current meters having infinite bandwidth etc).

• DivergingRd in this setup does not pose an intractable problem, since ifwe setR1 = R2 →
0, I2 is in fact not affected by the capacitors.

• Real fridge line filters come in stages, so the formulas here only serve to illustrate the
complexity of the situation if we begin to notice a large phase in the signal. The right
approach is to try to make sure this does not happen and beware to not treat the values as
exact if we cannot avoid it.

To summarize, as soon as the capacitors begin to draw appreciable currents, i.e. the total
load is not almost purely real, Rd becomes tangled up with other (likely not precisely‐known)
circuit elements in the final expression and in general cannot be recovered.

In the next sections, we assume this unwanted situation does not occur and ignore the fridge
line capacitors.
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3 Amplifiers at finite frequency

3.1 An example
Current‐to‐voltage converters, such as I-measure modules on IVVI and Ithaco ones in the MS
setup, are one of the most common reasons lock‐in measurements go wrong because of its
complex circuitry and abundance of configuration possibilities. In this section we show an
example to illustrate the severity of the problem.

Themost commonly used M1b current amplifier on the IVVI rack is especially susceptible to
lock‐in finite‐frequency problems because of its low bandwidth of roughly 200Hz only. Slower
amps draw less current in order to operate, so the design goal of this amp is tominimize its back‐
action on the sample. However, this also limits the operating frequency to about< 20Hz. If this
is not respected, onemust only look at features of themeasurement results and not exact values.
Figure 2 is an example that illustrates this particular problem. Wemeasured a 10 kΩ resistor in
the fridge (K4) using the usual voltage‐bias DC + lock‐in circuit with different M1b/M1h current
amps under various gain settings and lock‐in frequencies. Note how the (wrongly) measured
value can deviate from the truth by∼10% even at a moderate frequency of 60Hz and using the
R component of the lock‐in (using X would lead to another∼10% of error on top of this).

There are other voltage amplifiers present in the IVVI circuit with configurable bandwidths
such as the Iso-in and Iso-out. The same characterization principles in the next subsection
apply to them aswell: measure the input and output of these amps at the frequency you use and
check if they are what you expect.

Figure 2: Measuring a 10 kΩ (top row) and 100 kΩ (bottom row) resistor using DC (left column)
and lock‐in (middle and right columns)with different current amplifiers and gain settings. Note
the difference in y axis scales.
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3.2 Characterizing a current amplifier
What we colloquially call current amps should, in fact, be called current‐to‐voltage converters
(or current‐controlled voltage sources). The twomost important parameters of such a converter
for our measurements are its input impedance Zin and gain impedance Zg. These two are in‐
ternally related (see caption), but as users it is usually not necessary to consider their relation
and enough to treat them as two independent values. Figure 3 illustrates a simplified internal
circuit of such a converter and its equivalent circuit that is most useful for users.

−

+

AZs

Iin

Zg

Vout

M1b

Iin

Zin −
+

ZgIin

Vout

M1b

Figure 3: A simplified current‐to‐voltage converter (left) and its equivalent circuit (right). In
the case of M1b in DC, Zs = 2 kΩ, Zg is configurable from 1MΩ to 1GΩ, Zin = Zs +

Zg
1+A and

A ≈ 1000. Parameters of other amplifiers can be looked up in their datasheets.

Fig 4 shows the measurement circuit used to determine these two parameters according to
their definition:

Zg =
Vout

Iin
, Zin =

Vin

Iin
(7)

As long as we use relatively ideal current sources and voltage meters (IVVI S4m and Keithley
multimeters will do), this measurement provides an accurate description about the most im‐
portant behaviors of any I-measure or Ithaco. From then on, we can plug these two numbers
along with the equivalent circuit of Fig 3‐right into our measurement circuit and carry out any
analysis.

Note that the current supplied and voltages measured can be either in DC or at any lock‐in
frequency. Tomeasure both at the same time, it is easiest to perform aDC+lockinmeasurement
and sweep in DC bias. The resulting V (I) slopes determine Rg, Rin in DC and the averaging of
lock‐in signals removes possible interference with nearby frequencies.

3.3 Input resistance and gain at finite frequency
The results of theseZg, Zin at finite frequencies are shown on the complex plane in Fig 5 for one
of the M1b units we tested. The spec values are Rg = 1MΩ and Rin = 12 kΩ, but they begin to
deviate from these purely resistive values quickly for even very low frequencies.

Fig 6 then shows the diagram of the entire voltage‐biased circuit used tomeasure the device
simulators in the fridge, if we omit the presence of any filters or parasitic L,C except those
already included in Zg, Zin. The device resistance, following this circuit, should be obtained
from the measurement results as

Rd =
Vin

Vout/Zg
− Zin −R1 −R2 (8)

5

http://qtwork.tudelft.nl/~schouten/ivvi/doc-mod/docm1b.htm


−

+

AZs
Vin

Iin

Zg

Vout

M1b

Figure 4: Using an ideal current source to characterize a current amplifier.

Figure 5: Zg and Zin measured for the M1b unit labeled Janis at finite lock‐in frequencies. Both
of these complex impedance components contribute to the final phase showing up on the lock‐
in measured signal.
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Figure 6: Circuit diagram of voltage‐biased sample in fridge measured by a current‐to‐voltage‐
converter at the end. It is assumed the fridge line filter capacitors do not play a role because
Rd < ∞ and the operating frequency is well below the line bandwidth.

Plug the measured values of Zin, Zg at each corresponding frequency into the calculation
above and we get the results shown in Fig 7. The resulting impedance is still not purely real so
both the real part and the phase are plotted. Although the resistance values still deviate from
the known value of 10 kΩ, the frequency dependence and large inductive phases are largely
removed. The residual systematic errors may be attributed to several different sources: insuf‐
ficient waiting time at the lowest frequencies, unaccounted‐for L,C components in the circuit,
etc.

Again, this example does not serve to demonstrate how to recover the correct measurement
result from an imperfect measurement. Rather the contrary, it reiterates the two points we’ve
made above:

• Make sure your desired circuit approximations hold before you start themeasurement (e.g.
by operating in low enough frequencies and using the correct amplifier settings).

• Trust your DCmeasurements more than the lock‐in when it comes to accuracy of the val‐
ues in most cases.
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Figure 7: Results of device resistance calculation usingmeasured gain and input impedances of
M1b. Solid lines are the real parts of device resistance (left) and its phase (right) calculated using
Eq 8. Dashed lines of corresponding colors are the same results as in Fig 2, i.e. using the lock‐in
R component to calculate the current and subtracting a purely real input resistance. (A minus
sign is added to the raw lock‐in phase to make positive phases indicate an inductive result in
both cases.)
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4 Appendix

4.1 Fridge line filter effects on 3‐terminal setup
Section 2.2 mentioned an alternative circuit is possible when it comes to voltage‐biased resis‐
tance measurements: placing a current meter on the same side of the fridge as the voltage
meter, which is a setup typically seen in 3‐terminal nonlocal conductance experiments. This
section discusses the role the fridge line filter plays in this scenario.

TheRC network present in the circuit is the same and still has a total impedanceZtot defined
in Eq 3. However, it is I1 instead of I2 that is measured this time and therefore it is simply
I1 = V /Ztot.

Now we need to make some simplifications based on assumptions of the values in the ex‐
pression for Ztot. We first throw away any second‐order term in ω since the cutoff frequency
of the filters is typically > 5kHz and typical lock‐in operation frequency is f = ω/2π < 50 Hz.
This means the product ωτi < 0.1 and the second order term is negligible. This simplifies the
above expression to (RΣ ≡ R1 +Rd +R2):

Ztot ≈
(R1 +Rd +R2) + jω[τ1(Rd +R2) + τ2(R1 +Rd)]

1 + jω[C1(Rd +R2) + τ2]
(9)

=RΣ ·
1 + jω

[
τ1

(
1− R1

RΣ

)
+ τ2

(
1− R2

RΣ

)]
1 + jω

[
τ1

(
RΣ

R1
− 1

)
+ τ2

] (10)

We can move all imaginary parts to the denominator in order to illustrate the behavior of
this network more clearly and again throw away the resulting second order terms in ω. The
final expression is

Ztot ≈ RΣ · 1

1 + jω
[
τ1

(
RΣ

R1
+ R1

RΣ
− 2

)
+ τ2

R2

RΣ

] (11)

At finite frequency, the load impedance is the DC resistance with a low‐pass filter applied.
As a quick estimation, such a filter introduces 6◦ of rotation of the signal on the complex plane
when the operating frequency is 0.1x the cutoff. The cutoff frequency of this low‐pass filter is

feff =
1

2π

[
τ1

(
RΣ

R1
+

R1

RΣ
− 2

)
+ τ2

R2

RΣ

]−1

(12)

We can learn a few things from this expression:

• The cutoff is Rd‐dependent. This means if one starts to see an appreciable effect of the
fridge line filtering in their measurement (e.g. phase > 10◦ even when all other parts of
circuit settings are correct) and wish to then recover the correct value of RΣ from this
total expression, they would need to know the capacitance values and numerically solve
this equation. This is hardly what we want, especially considering the filtering in fridge
lines usually come in stages, whereas herewe’re looking at one stage alone, andnumerous
parasitic components exist. This can be avoided by ensuring the capacitors do not draw
any current, i.e. (ωCi)

−1 → ∞ compared to anyR. Otherwise, the amount of current each
capacitor draws depends on all the other components in the circuit and wewould have no
way of knowing howmuch current was actually flowing through the device.
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• The imaginary part does not in general assume a simple form that’s predictable from the
filtering parameters alone (e.g. ω

∑
Ci).

• If all resistors are of the same order of magnitude, feff is also of the same order as the
designedfilter cutoff. However, if the device resistance is veryhigh,RΣ ≫ R1 and through
the first term in the bracket, feff becomes much lower than the fridge line bandwidth.1
This is also easily understood as having a filter RdC1 instead of R1C1 playing the biggest
role and therefore severely modifying the designed bandwidth. In the limit of Rd → ∞,
we can treatR1, R2 as shorts (can be verified in the expression) and the imaginary part (Y
component) is proportional to ωC1.

To summarize,weneed tomake sure the fridge line filters do not introduce any apprecia‐
ble phase rotation to the signal. Otherwise, we do not have a good way of removing the effects
of this artifact. Fortunately, this is usually satisfied because the fridge line bandwidth is quite
high compared to the usual lock‐in operation frequency so this does not happen too often. The
most common situation where this assumption fails iswhen the device has infinite resistance
(inside the Coulomb or superconducting gap). In those situations, think twice before you de‐
cide you can trust the lock‐in value (e.g. if youwant to use it to calculate the subgap conductance
suppression).

4.2 DC circuit artifacts
Wehave seen that as soon as non‐ideal circuit componentsL,C are present in lock‐inmeasure‐
ments, they begin to play a role in themeasured values. Do DC signals also suffer from artifacts
when we consider the reality that some of the circuit components are less ideal than the most
simplistic models? If so, how much? We can examine the DC circuit in more detail regarding
these questions.

We have either active or passive components in circuits. In DC, the only passive elements
are resistors. To know them well, we only need to measure their values accurately. 2

The active components are sources and amplifiers, the former of which can also be charac‐
terized very easily and accurately via Thévenin’s theorem. The most tricky component in DC,
then, is the amplifier. The basic properties of them are also easily characterized: the gain fac‐
tor, offset and input/output impedance. 3 The two things that are usually omitted, however, are
finite common mode suppression and finite open‐loop gain.

4.2.1 Commonmode suppression

An ideal differential amplifier only amplifies the difference of the two input signal voltages:
Vout = A(V+−V−). The “commonmode” (V++V−)/2 component of the input should be entirely
rejected. However, real amplifiers are not completely immune to the common mode voltage.
This problem usually manifests itself when V+, V− are close to each other but both at a very
high/low voltage relative to the circuit ground of the amplifier.

1To put numbers to these quantities, we take K3/K4 as an example. The largest fridge filter there is 22 nF and for a
resistance on the order of 13 kΩ this translates to a characteristic frequency of 556Hz. A reader may feel that 556Hz ≫
40Hz, but at 40Hz the current is already reduced by >2% and a phase shift of 5◦ is introduced, according to a very
simple SPICE model.

2Themeasured values for K3/K4 fridge lines can be found in a separate document that will be published online soon.
We will include a link in a newer version of this document once it is published.

3These data for several M1b’s and M1h are similarly available in the aforementioned document.
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A concrete example is when measuring a device of very low resistance (e.g. supercurrent)
in the fridge using a four‐probe setup. Due to currents running through the fridge line resis‐
tors, both voltage probes attached to the device will be at an elevated voltage relative to fridge
ground, although the voltage difference between them is small. The voltage measurement am‐
plifier might be picking up the common mode voltage if its supression thereof is not strong
enough. The IVVI I-source module is thus equiped with a V2=V4 mode to combat this prob‐
lem: it supplies currents in a way that allows the device to still sit at roughly the fridge ground,
thus eliminating the large common‐mode component.

Since there is an easy fix to the problem (using the symmetric biasing mode), we leave out
more detailed discussions in this lock‐in‐focused document but only alert users to its existence
in practice. For further reading on this and all of the other non‐idealities, §4.11 of the book The
Art of Electronics by Horowitz and Hill treats them in detail.

4.2.2 Amplifier at finite open‐loop gain

In this section, we address the second non‐ideality, namely the finite op‐amp open‐loop gain
A < ∞ and check how the measurement is affected when we do take it into account. The
following paragraphs assume a basic understanding of the two golden rules of op‐amps.

The two op‐amp golden rules result from the approximation that A is usually very large
(> 103) and canbe treated as infinite. In the case of M1b low‐noisemode, this value is configured
to be around 1000 and therefore neglecting it could introduce errors on the order of 1/A.

Figure 8: Circuit with finite gain

R1 is the source and total line resistance before sample, Rd the device under test, R2 the
line resistance after the sample. Rs is the part of the input impedance of the current meter
that is gain‐independent (for M1b this is 2 kΩ). The total input impedance of a current preamp
including that of M1b is Rs +Rg/(1 +A) where Rg is the gain factor, e.g. 10M V/A = 10MOhm.

Vo − Vi

RL
=

Vi − Vo

Rg
(13)

Vo = −AVi (14)

Solving this (expressing Vo in RL, Rg, A, Vs) gives

Vo = −A
RL|| Rg

1+A

RL
Vs = − A

1 +A

Vs

RL +Rg/(1 +A)
Rg (15)
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(Ra||Rb ≡ RaRb/(Ra +Rb).) When the gain‐dependent part of the input resistanceRg/(1 +
A) is far smaller than the total load RL, the load term will dominate and we recover

Vo = − A

1 +A

Vs

RL
Rg (16)

which is a good current‐to‐voltage converter up to a factor ofA/(1+A). This number is typically
very close to 1 (0.999 for M1b low noise, 0.9999 for M1b low‐Rin and M1h low noise, 0.99999 for
M1h low‐Rin).

Even if we do notmake the approximation that the load termdominates, we see that dividing
the ideal voltage output Vs by what we think is the current (−Vo/Rg) gives us

Vs

−Vo/Rg
=

1 +A

A

(
RL +

Rg

1 +A

)
(17)

Apart from a small addition of 1/A factor, this is exactly what we use to calculate the real
device resistance with.

Writing out the full expression,

Rd =
Vs

−Vo/Rg

A

1 +A
− Rg

1 +A
−Rs −R1 −R2 (18)

Compare this to the naïve expression:

Rd,wrong =
Vs

−Vo/Rg
− Rg

1 +A
−Rs −R1 −R2 (19)

This means our error

Rd,wrong −Rd

Rd
=

1

1 +A

Rtot

Rd
(20)

where Rtot is the total resistance we think we measure in the naïve picture.
In summary, the influence of finite open‐loop gains of op‐amps, although real and present,

is very small (generally≪1%) on the reliability of the DC measurement results in our context,
provided that the device resistance constitutes the majority of total resistance in the circuit.
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