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ABSTRACT 

We describe two specific lock-in amplifiers, one designed for 

radio frequency, the other for audio. Both have been built and tested 

by chemists with lin'lited electronics backgrounds. 

The audio-frequency lock-in amplifier was designed for an ESR 

spectrometer, locking a klystron' s frequency to that of a resonant cavity. 

It. is designed around commercial circuit modules, so that much of its 

circuitry need not be fabricated. The frequency range is 40 to 20 000 Hz, 

but this is easily extended. A preamplifier for extending sensitivity to 

microvolt levels is also reported. 

The radio-frequency lock-in amplifier was designed for measuring 

differential pressures on the order of 0.1 J-l with an accuracy of several 

percent. In achieving the design objective, we found that we were able to 

-18 
detect capacitance changes on the order of 10 F. The rf unit operates 

at 2.7 MHz but can be adapted to other radio frequencies. It uses Nuvistor 

tubes to minimize the instability problems normally encountered at radio 

frequencies. 
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I. INTRODUCTION 

Although these lock-ins 
1 

were originally developed for specific 

applications, subsequent experience has indicated that they offer promise 

in other applications. With this in mind we have reported the units in 

detail. 
2 

Proper testing requires an oscilloscope and a signal generator, 

but our ch,emists have had little trouble in adapting to these instruments. 

High-performance lock-in units are commercially available, but 

in many cases the, price is prohibitive for experimenters with limited 

funds. Furthermore, some of these units incorporate features unneces­

sary to a given application, and the additional complexity is undesirable. 

It is also interesting that commercial lock-ins do not yet encompass the 

entire radio-frequency spectrum. In some cases, one has no alternative 

but to design his own. In any event, the experience gained in building and 

trouble-shooting one's own lock-in is invaluable in understanding the 

instrumentation requirements generally associated with it. 

Concerning the audio-frequency lock-in (af unit), its principal 

merit is simplicity. This simplicity stems from its construction; ·i.e., 

it is designed around commercial circuit modules, so that much of its 

circuitry need not be fabricated. The unit is solid state and includes its 

own power supply; the components cost approximately $200. (A small 

··preamplifier for extending sensitivity to microvolt levels is described in 

Ref. 2.) Lock-in performance compares favorably with specifications 

published for some commercial units but ours is less flexible in selecting 

frequency. It is best used in applications where frequency changes are 

seldom made but it can be adapted to variable -frequency operation. Fixed­

frequency operation is quite suitable for many applications, however, 
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and reduces complexity of the instrument. Some experimenters will 

probably choose to establish frequency and sensitivity requirements with 

a commercial lock-in unit before building their own. 

The radio-frequency lock-in amplifier (rf unit) does not employ 

circuit modules but uses Nuvistor tubes instead. Nuvistors, which are 

much smaller than conventional tubes, offer advantages at radio fre-

quencies, as discussed later. In some ways the rf unit is easier to build 
•.•',, 

•:, .. .-

than the a£ unit. Component'!~06~t for the rf unit is approximately $100. 

II. GENERAL CONSIDERATIONS 

3 
Lock-in amplifiers are discussed elsewhere, so this discussion 

will be somewhat limited. Basically, a lock-in amplifier does much the 

same thing as a tuned amplifier but does it better. The principal differ-

ence is that lock-in amplifiers are phase sensitive. Also, they can operate 

at bandwidths that are very much narrower than are possible with a con~ 

ventional tuned amplifier operating at the same frequency. The reasons 

that lock-in amplifiers can operate at such narrow bandwidths are: 

(a) the information (''signal") sought is amplitude-modulated by a refer-

ence, usually of audio frequency or higher; (b) the reference also gates 

a synchronous detector that responds to the gating frequency only; and 

{c) if the reference frequency changes, the gating changes in correspond-

ence, so that the lock-in always remains "in tune. 11 

Lock-in techniques are commonly used to recover sigrials 40 dB 

below the ambient noise level. These techniques are very effective 

because: (a) they minimize noise generated by the amplifying devices 

used; 
4

· (b) they reduce white noise
5 

associated with the signal inversely 

·-· 

"· 

._( . 
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as the square root of bandwidth (the degree to which bandwidth can be 

reduced is related to the h-ighest frequency of the information sought}; 

and (c) they discriminate against 'noise at the "tuned" frequency, but of 

random phase. 

Lock-in techniques minimize noise generated by' the amplifying 

devices used because: (a) the signal is modulated to translate its spectra 

from a band centered around zero frequency to a band centered about a 

higher frequency (the modulation frequency); 
6 

(b) most amplifying devices 

·. haye noise spectra that vary as the reciprocal of frequency; 3 and 

(c) translation to a higher frequency moves the signal to a frequency 

where less noise is introduced by the amplifying devices used. In. general 

the modulating frequency should be greater than 100 Hz when vacuum-tube 

amplifiers are used and greater than 1000 Hz when transistor amplifiers 

are used. 

III. AUDIO-FREQUENCY LOCK-IN AMPLIFIER 

A. Description 

Principal components of our lock-in amplifier are shown in the 

block diagram of, Fig •. 1. The modulator, which is external to the af 

· unit, takes many forms and can be electrical or mechanical. 

The af unit (schematic in Fig. 2} uses three linear-amplifier 

modules. One amplifier in conjunction with a network comprises the 

oscillator. Another type of module includes three emitter-followers in 

one package. Most frequency-determining elements (a parallel-T for 

. the first amplifier stage and a network for the oscillator) are fabricated 

into blank containers supplied by the moduh~ manufacturer. 
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B. Applications 

The af unit was designed for an ESR spectrometer now under 

development. Two lock-in amplifiers are used, one for automatic fre-

, ,quency control, another for the signal channel. 
··;f: .f, 

-:··:,..::::.. 
.t' ··.' We have adapted the af unit to NMR work, using the lock-in .. ' ... , 
a:rhplifier with a marginal oscillator to detect the nuclear magnetic 

resonant frequency of a sample exposed to a mCl.gnetic field. This fre-

quency, directly proportional to field strength, can be measured with 

precision and affords an accurate measurement of field intensity. A 

future application involves automatic frequency tracking _when the mag­

. netic field is varied. 

IV. RADIO-FREQUENCY LOCK-IN AMPLIFIER 

A. General 

Commercial :lock-in amplifiers do not yet encompass the entire 

radio-frequency spectrum. This is probably because there is .little de-

mand and frequency flexibility is hard to come by. As requirements be-

come better defined, commercial units can be expected to follow suit. 

As stated earlier, the rf unit was designed with a specific ob-

jective in mind: to measure pressure differentials on the order of 0.1 p. 

accurate to several percent. At that time, commercial micromanometers 

of.gufficient sensitivity were not available so we designed our own. For 

·. 7 8 
reasons described els·ewhere, ' we elected to sense pressure difference 

with a membrane manometer, constructed like a differential capacitor. 

The capacitor formed two legs of a resonant-bridge network excited by a 

2. 7 MHz source. Bridge output was amplified and detected with the rf 

unit described (Fig. 3). 

~· .,, 
C'. 
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The frequency of 2. 7 MHz was chosen for several reasons, some 

theoretical and some practical. Those reasons, not discussed here; are 

explained in Ref. 7. At any rate, we ended up with an rf unit that performs 

well and is easyt.o duplicate. 

Some readers may wonder why the rf unit also was not designed 

around circuit modules. The main reason was that the rf unit was de-

veloped before the af unit, so we had not yet thought of using circuit 

modules. Even so, we might have rejected the modular concept for the 

rf unit because: (a) most modules with adequate frequency response are 

subject to oscillation, so we might not have been able to realize as much 

gain; {b) the signal amplifier should be tuned, ,,so there is no particular 

advantage to wide-band devices --the gain-bandwidth product is wasted; 

\(c) high-:-frequency' modules are more expensive; if modules were used, 

~he r£ unit would have cost about three times as much as it did with 

Nuvistors; and {d) Nuvistors operate at higher voltages, so the output 

levels are higher and the need for a de amplifier is eliminated in some 

cases. 

The rf unit uses Nuvistor tubes because: (a) it was to be duplicated 

and operated by those with little or no electronic background {transistors 

were not used because their 11 loose 11 tolerances pose duplication problems; 

good design can compensate for this but engineering funds were limited); 
··- . 

{b) Nuvistors ·are very small and generate little heat, which permitted us 

to confine them to well-shielded compartments, thus minimizing instability 

problems; and {c) th~ir combination of high transconductance with low 

interelectrode capacitance permits considerable gain without neutralization 

of the amplifier stages. 
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B. Applications 

The original application was for a micron1anometer, as discussed 
•. 

in Ref. 8. In achieving the design objective we found that we were able 

. -18 
to detect capacitance changes on the order of 10 F. This unusual 

~(.; :?.'-.:~ -·-
serisitiviffJ;:.b dielectric properties could be useful in other areas; we 

,·,;-

are cons·i~e-ring its application to diagnostic studies of gaseous media. 

Another application involved the detection of light modulated at 2. 7 MHz. 
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FIGURE CAPTIONS 

Fig. 1. Block diagram of the a£ unit. The modulator, which is external 

to the af unit, takes many forms, electrical or mechanical. 
". ·r,.. 

Fig. 2. ,}~~chematic diagram of the af unit. Components indicated by ':~ 

are ··f:f.equency sensitive; their values can be deduced from Ref. 2. 

Components indicated by':~,:~ may require special attention. The 

preamplifier is not shown. 

Fig. 3. Schematic diagram of th~ rf lock-in detector unit. The 

oscillator and power supply are not shown. 

..:. ·. ,. ·_ ~ 

' _.:,: 
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