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Abstract

Several interesting experiments in the advanced laboratory require an accurate measurement of a slowly varying, extremely
small voltage. Lock-in detection is a powerful technique to recover such asignal, even in the presence of broadband noise
whose magnitude is several times greater than the signal itself. We have implemented a versatile, low-cost digital lock-in
analyzer completely in software. No specialized hardware is required beyond a general-purpose data acquisition board and
alow-noise amplifier, yet the detector has a sensitivity of 20 nV and negligible offset drift. Since all signal processing takes
place on the computer, students can display the waveform — as atime series or power spectrum — as it progresses through
the instrument, which makes it an extremely useful teaching tool. We describe the implementation of the lock-in detector
and describe its use in a measurement of the resistance of a superconductor as it undergoes its superconducting transition.
Its versatility, resolution, and teaching utility make this tool excellently suited to the advanced laboratory.

I ntroduction
We have implemented a PC-based digital lock-in analyzer (LIA) completely in software’. It is both a powerful
measurement device and a useful tool for teaching the basics of lock-in detection. We use the LIA to measure the resistance
of asuperconductor as it undergoes its superconducting transition, but it is a versatile device. It may be applied to any
experiments which requires detection of a small (less than a microvolt), owly varying (stable over several seconds)
voltage that isin response to an externally applied voltage:

= The Hall effect in semiconductors

= Theuse of athermistor bridge to detect small temperature changes 2,

= Many other examples from physics and engineering ** 2.

M easuring small signals

It is difficult to measure such a small signal for several reasons® ® 7. Measurement systems suffer from offset and drift —
severa effects (common-mode error, thermoelectric offsets, internal offsets, and rectification of noise) will add or subtract
to the signal level you measure, and these offsets will vary with temperature and time. These errors may be mitigated but
not eliminated.

Small signals will also be contaminated by noise. The experiment should be set up to minimize the effects of noise as far as
possible, and to eliminate those noise sources (such as ground loops and electromagnetic interference) which may be
eliminated. However, there are other sources of noise (such as Johnson noise, 1/f noise, and shot noise) which are due to
fundamental processes and may not be eliminated. Since some of these noise sources have a 1/f spectrum — the noise
amplitude increases as the frequency goes to zero — their effect will be worst at DC.

If, however, we were able to move the signal of interest away from DC — if the quantity appeared as a periodic signal at
some other frequency — several benefits would result. Offset and drift would no longer be a concern, aslong as they did not
introduce a significant common-mode error. We could choose a frequency high enough to avoid 1/f noise, yet low enough
to be “quasi-static” (to not materially affect the phenomena under study), and which is far from any significant noise
source. Since our signal would be stable in frequency and phase, it will be easy to distinguish from noise.

Application: Resistance of a Super conductor High-Te (YBacuo
For example, these concerns have consistently plagued our experiment I Sf ~e_=- 2-35’1{1 ua-:\td;r )
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it undergoes its superconducting transition ****, We use the four-point 2y 3 L veltage
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Figure 1: Setup to Measure Superconductivity




Our sample shows aroom temperature resistance near 20 mW. An applied current of 10 mA gives a voltage drop, a room
temperature, of 200 nV. In order to be convincingly “super-" conducting, we would like to observe the resistance drop by
severa orders of magnitude. This means we must measure a voltage less than 200 nV in the superconducting state.
Unfortunately, the large temperature difference (300 K) between the sample and the amplifier cause thermoelectric offsets,
and the student must carefully null the amplifier before beginning the lab. (It is also unconvincing to depend on carefully
zeroing the amplifier — after all, this only means that you are as “superconducting” as your shorting terminator.)
Furthermore, the amplifier we use gives 1 nV of input noise at DC.

Our solution isto modulate the applied current and use lock-in detection. We apply a 37 Hz, 10 mA current across points A
and D (Figure 1). The resistive voltage drop will show up across B and C, at 37 Hz and in phase with the applied current.
The lock-in analyzer extracts only that component of the signal. It discards offset errors, 1/f noise, and thermoelectric
effects; only that portion of the broadband noise near 37 Hz survives, yielding a remarkable improvement in sensitivity.

Overview of Lock-In Detection
A lock-in detector takes a periodic reference signal and a noisy input signal and uses a phase-sensitive detector (PSD) to
extract only that part of the output signal whose frequency and phase match the reference'®. To see how the phase sensitive
detector works, consider areference signal, S«, which is a pure sine wave with frequency w:

S« =cosiw 4 %),
and apply it as the input to the system:

Sapp = Aapp COS(Wapp X).
Since the input to the PSD, S, variesin response to the applied signal, we expect that it will have the same frequency and a
constant phase shift to the reference:

Sln = An COS(Wref ! +din)
We may model this noise as uniform broadband noise: that is, the noise consists of sine waves of given amplitude, at every
possible frequency and phase.

S|n = An COS(Wref >¢ +din) + éw ) Ahoise COS(Wnoise >¢ +dnoise)

Figure 2 shows, on alog scale, atypical amplitude spectrum for theinput 300 00-
signal. One can see the large DC offset and noise component and the 100.00-

generally broadband nature of the noise.

We must extract only the interesting part of the input signal; to do so we B
rely on asimple trick from trigonometry. 1f we multiply two sinusoidally
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varying functions, the resulting signal is equivalent to a sine wave at the 1.00-
sum of the input frequencies, plus a sine wave at the difference of the U L\\
input frequencies. To seethis, recall the sum rules for cosines: ni0- V,«?f/\“\ J\"lvh W
cos(a+b) = cos(a) cos(b) - sin(a)sin(b) Vi
cos(a- b) = cos(a)cos(b) +sin(a)sin(b) 0m T o ale ol gia
If we add those two equations, the last term will go away and we find . .
cos(a+ b) + cos(a- b) - 2COS(a) COS(b) Figure 2: Log Amplitude versus Frequency
or equivalently,

cos(a) cos(b) = %[cos(a +b) + cos(a- b)]

Let us see what happens if we multiply twice our reference signal times our noisy output signal.
Smult = 2 ’ Sref Sn = 2 ’ An COS(Wref >t) COS(Wref T+ din)

]
+2 >COS(Wref >¢)a Wogise Awoise COS(Wnoise X+ d noise)



= A, COSW g 2t- Wi St +d; ) + A, cosW, o 2t +W g St +d;)
+a we Proise CO(Wig + W) X+l )
+a we Proise COWig - Wigie) X - i)

= A, cos(0>t +d;,) + A, cos(2w >t +d;,)
+a we Proise COWig + Wi ) X+l )

o]
+a Whoise A10i$ Coq(wref B Wn0i$) >¢ - ani%)

Since the reference and the signal had the same frequency, the difference frequency is at DC (zero frequency). If we low-
pass filter the multiplied signal, we will find that only two terms survive, the DC term due to the output of the system, and
the component of noise with frequency near the reference signal.

Sfiltered = An COS(din) + Awoise@ref COS(d noise @ ref )
If we adjust the phase of the reference so that d,, = 0, then cos(d,,) =1 and
Sfiltered = An + Awoise@ref COS(d noise@ref)

The amplitude of the filtered signal is the amplitude of our system output, plus a (significantly reduced) noise contribution.
The phase of the noise signal will not match the phase of the reference, but rather will vary randomly.

I mplementation

Our LIA performs lock-in detection completely in software — we read the time-varying signal, noise and all, into memory
using a general-purpose data acquisition (DAQ) card. The input waveform passes through all the subsequent stages of lock-
in detection as a digital record. The program handles al of the details, from extracting the resistance and other quantitiesto
graphing and logging that data.

Multiply the input by

The program is written in National Instruments twice the reference

LabView, version 5.0. LabView is avisual high-level

- e . Input [oBL]
programming language for data acquisition, analysis, o] 2> 2
and simulation. “Coding” a LabView program 2000
i i i Average the filtterad signal over
mvo!v% laying outa dataflow dlagr_am. For example, Fitor the multiplied %his camplo peri%d
the figure at the right shows the section of our LIA signal
program in which the lock-in is performed. | H Buttenworh” i}
Samples/s m»:

The only hardware required is a high-gain low noise B
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applied current, and voltage) and one analog output
(the reference signal) with at least 12 hits of resolution
and a 20 kHz sampling rate. We used a National
Instruments PCI-M I O-16E-44 multifunction 1/0
board, which worked excellently, although we
recommend a board with 16- or 24-bit resolution for demanding applications.

Figure 3: An Excerpt from the LIA Source Code

Since the smallest voltage our board can input is on the order of amillivolt, it is necessary to amplify the input signal. Any
low-noise, high gain amplifier will work; we use a homemade two-stage device based around the Burr-Brown OPA111.
Once the signal isread in by the DAQ board, no further signal degradation occurs— the signal is now a digital record and is
processed exactly. Therefore, the sensitivity of the instrument is limited only by the quality of its input amplifier. We
believe that with an amplifier of sufficient quality its sensitivity could rival that of commercial units.

Overview of the Program

Our program begins by initializing the DAQ card — it sets the acquisition parameters, such as the sampling rate and the
voltage range of each signal, and performs other housekeeping. The program must also output the reference wave to use as
the applied signal. There are many applications where we cannot use the reference to directly generate the applied signal;
one must instead use the applied signal to generate the reference. We can not use the applied signal directly — any DC offset



in the reference signal will cause the LIA to pass through a proportional amount of DC noise from the input. (The excellent
results our LIA achieves are duein part to the high precision of the reference signal; its only errors are due to quantization
and sampling error, which show up as a negligible high-frequency component). For example, in optical systems the applied
signal is modulated by mechanically chopping the light beam. In such cases, one uses a phase-locked loop to synchronize
the reference with the applied signal. This would greatly increase the complexity of our implementation and so we
concentrate on those applications in which we can directly modulate the applied signal.

To generate the applied @ Initialize acquision and open data files
signal, the program callsa
routine that writes the 8 Main loop. A, _
reference waveform into an Q. Geneiate several cycles of applied current.,.
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generation. In our | B ! o } o
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and begins acquisition. The
board continuoudy samples its inputs at the specified rate and stores the values in atemporary buffer. Our program
periodically retrieves the contents of the input buffer and processes that batch of samples asan array. In practice, we
trigger each acquisition to occur as the DAQ board begins generating its output waveform buffer, and we acquire an entire
output period at atime (the board we use makes this straightforward). Since our acquisition is thus synchronous and
continuous, we avoid any windowing errors. (If we did not sample continuoudly, there would be a discontinuity in the
record where we acquired each array; these discontinuities would appear as noise at the frequency which we execute the
loop.) Instead, we always read in an exact number of cycles and we process each buffer in real time.

Figure 4: Block Diagram for a Lock-In Detector

The program next enters the main loop of the program. The program begins the main loop by reading in the applied current,
the voltage drop, and the temperature. The voltage drop is passed to a subroutine that performs the phase-sensitive detection
(PSD). The PSD routine simply multiplies the input signal by twice the reference, as we argued above. Since the input and
reference have the same frequency, the input signal amplitude appears as the zero frequency (DC) component of the
multiplied signal. Everything else — including the offensive DC offset and line noise contributions — appears at higher
frequencies. If we use a low-pass filter with a large time constant, we will recover only that component which matches the
reference in phase and frequency.

The PSD routine next low-pass filters the result using afifth-order Butterworth filter with a 0.5 Hz cutoff frequency.
Changes in the input signal that occur much faster than the output filter time constant will not survive. Thus, the
superconducting transition appears to take approximately a second, while of course its true duration is much less. However,
as long as the sample warming rate is low (as long as there is a poor thermal link between the sample and its environment),
the transition temperature may be quite accurately determined.

The result is a waveform containing the voltage drop sampled at around 5500 Hz. It is inconvenient to graph or store this
much data, and so we take the mean over four cycles (0.108 s) of the voltage drop. We also divide by the nominal applied
current to get the resistance.



The program records this average value, as well as the iteration number, applied current, and temperature, to atab-delimited
file. (It is straightforward to import a tab-delimited file to most spreadsheet applications, but for long data sets, they are
slow to generate. In that case we stream to a binary file and write a separate conversion program in LabView.)
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The program then repeats the main loop. This process continues until the user requests the program to stop, at which point
the program stops the output generation and the acquisition, performs housekeeping such as closing its datafile, and exits.

Results
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Conclusions

The lock-in analyzer we have described is a versatile tool. Although we have specifically discussed a superconductivity
experiment, it would be straightforward to adapt the L1A to any small signal that may be periodically modulated. It is also
low-cost in the sense that the equipment required (computer, DAQ board, and amplifier) is readily available and is used for
many different experiments. The program not only replaces the lock-in amplifier but also handles the thermocouple
calibration and records and chartsthe data. It is quite sensitive, and its sensitivity can be further improved with an
appropriately expensive input amplifier and ADC. Its primary advantage over a commercial unit, however, is as a teaching
tool. The ability to display both time series and frequency spectrum displays of the signal — to have an arbitrary number of
spectrum analyzers and oscilloscopes connected to the signal path — is of great utility. Furthermore, LabView has powerful
simulation capabilities: it can not only implement the L1A but also can simulate the entire experiment. In fact, in order to
acquaint our students with LabView and lock-in detection, we give each student a partial smulation to complete before lab.
That is, we can not only place a lock-in analyzer on every PC in our lab, we can give each student one to take home! These
features make the PC-based digital lock-in analyzer an excellent tool for the junior- or senior-level physics lab.
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