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ABSTRACT

We describe two specific lock-in amplifiers, one designed for
radio frequency,v the other for audio. Both have been built and tésted'
- by chemists with limited electronics backgrounds. o

The audio-frequency lock-in amplifier was designed for an ESR -
‘spectrometer, locking a klystron's frequency to that of a re_s‘oﬁant‘cavity.
It;.is designed around commercial circuit modules, so that much of its
circuitry need not be.fabricate_d. The frequgricy range is 40 to 20000 Hz;
- but this is .easily extended. A preamplifier for extending sensitivity to
‘microvolt levels is also reported. | |

The 'vradio"—freQuency lock-in amplifier was designed for measufi_ng
differential pressures on the order of 0.1 p with an accuracy of several

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

18 F. The rf unit opera"ces‘.

~detect capacitance cha.nges on the order of 10~
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 ! were Qri‘ginally d’eveloped: for ‘spevcifi;:
applications, subsequent experience has indicated that they offer promise
in other apvplicati’ons.. With this in mind we have réported the units in
detail, 8 Proper testing requires an oscilloscope and a ‘signal generator,
but our chemists 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 ivs also interesting that commercial lock-ins do not yet encompass the
entire radio—frequency spectrum. In some cases, one has no alternative
but to designrhisv own. In any event, the experience gained in building and
trouble-shooting one's own lock-in is invaluable in understanding the
: instrumentation requirements geﬁerally 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
circuitfy need not be fabricated. The unit is solid state and inciudéé its
own power supply; the components cost approximately $200. (A small
"preamplifier for extending sensitivity to microvolt levels is described 1n
Ref. 2.) Lock-in pe‘rformancevcompares favorably with sp.e'cifié.afions
.publishe.d”fbr'sor}le commercial units but ours is less flexible in selléctvin‘g_
frequency. It is best used in applications where frequency changeé are
sel_dorn rriéde but it can be adapted to variable.—frequeﬁc.y 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 réqUirements;Wit-h
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
muc:h smaller than convent'ionai tubes, offer advantages at radio fre-

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

“than the af unit. Componén’ci-*cgo:st for the rf unit is approximately $100.

II. GENERAL CONSIDERATIONS

Lock-in amplifiers are discussed elsg_zwhere, 3 so this ‘diSCU!.SSiOn
‘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, ;c:he.y can o.pleravtél;v
at béndwidths that are very much narrower than are possible with‘a‘ C»on:— |
»ve'r;tional tuned amplifier operating at the same fréquenéy‘, The fea'sons
that lock-in é'rhplifiers can oper‘ate at such narrow bandwidths are:
(2) the information (''signal'') sought is amplitude -modulated by a refer-;
e'nce,.‘ usuélly of audio frequency or higher; (b) the reference also gates
: a synchrénous 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. "

Lock-in '-tfac'hniques are commonly used to reéover signals 40 dB
below thé ambient noise level. These techniques are very effecfive ’
._Because: (a) they minimize ‘.noi.se generated by the amplifying devices

used;4‘ (b) they reduce white noise5 associated with the signal inversely
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a-s' the square root of bandwidth (the degree to which bandwidth can be |
reduced is related to the highest frequency of the information soug'ht»);»
ban‘d (c) they discriminate against 'noise at the. "tuned' frequency, but of
random phase.

Lock~in techniques minimize noise gelnerated by the amplifying
deyices used be;:ause: (a) the signal is modulated to translate its spectra
from a band centered around zero frequency to a band centered about a
hig.her frequency (the modulation frequéncﬂ;6 (b) most amplifying devices
“have noise s.éectra that vary as the reciprocal of frequency;3 and
'v(lc_) translation to a higher frequency moves the signal to a frequency

'whére less noise is introduced by the amplifying devices used’.v In general
~ the modulatiﬁg frequency should be greater than 100 Hz when vacuum-tube ‘

“"amplifiers are used and greater than 1000 Hz when transistor amplifiers

‘are used.

1II. AUDIO-FREQUENCY ’LOCK—IN AMPLIFIER
| A, Description

Principal components of our lock—ivn amplifier are shown in the
| vblock diagram of. Fig.. 1. The modulator, whic.h is external to the af
| umt, takes many forms and can be electrical or mechanical.
The af unit (échematic in Fig. 2) uses three linear-amplifier
: vm(v)dules. iOhe ‘a_rnplifier in conjunction with a network comprises the
) oscillator. Another type of module includes three emitter-fqlléwers in
éne package. ‘Most frequency-determining elements (a parallel-T for
f;""t'h'.e first amplifier ‘stage and a network fo‘r the oscillator) are fab‘ric‘ateldv

into blank containers supplied by the module manufacturer.
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B. Applications
The af unit was designed for an ESR spectrometer. now under: N L
dévelopment.. Two 1oék-in amplifiers are used, one for autorﬁatic f.r>e— |

..quency control, another for the signal channel.

We have adapted the af unit to NMR work, using the lock-in

‘:.b'a'?.lr'ﬁplifier with a marginal oscillator to detect the nuclear magneti.c
resonant frequéncy of a sample exposed to a magnetic field. This fre-
quencvjr, directly proportional to fiéld strength, can be measured wifh

precision and affords an accurate measurement of field intensity. A

future application involves automatic frequeﬁcy tracking when the mag-

. netic field is varied.

IV. RADIO-FREQUENCY LOCK-INV_AMPLIFIE‘R
| A. General
Commercia‘l_;lock—ih amplifiers do not yet‘ encompass the entire
'fé:dio—frequency spectrum. This is probably because there is,littlé de- .
‘mand and frequency flexibility is hard to come by. As requirements be-
gb;ne better defined, commercial units can be éxpected 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 01 p. _
a’cc‘urate to seve1:a§1 percent. At that.time,', commercial micromanometers
b» of"isuf_ficient s‘ensitivity were not available so we designea our ov'vn.." For
reas;ons -de_s"vc>ri't')ed. eis-ewhere, 78 we elected to sénsé pfessuré diffe’rence : ' N
. V;/ith a n'):e'rr.lbrane manometer, constructed like a di:fferential capacitor. : |
o The capacitor formed two legs of é resonant—Bridge network excit.ed- by a - .
 2.7 MHz source. Bridge output was amplified and detected wifh th¢ rf

_ unit described (Fig. 3).
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The frequency of 2.7 MHz was chosen for seVeral-reasoﬁs, some

tlﬁe'oretical and some practical, 'i‘hdse reasons, not di“scussed ﬁeré‘"; are
explained in Ref. 7. At any rate, we ended up with an rf unit tﬁat p'erfor'n'is: -
:’w‘ell and is easy to duplicate.
Some readers may wonder why the rf unit also was not designed
_baround circuit modules. The main reason was that the rf unit was - de- .
veloped béfOre the af unit,b so we had not yet thought of using circuit
;1j_1'o_du1‘es. Eyen so, we might have rejected the modulaxf concept for the
rf unit because: (a) mést modules with adequate freqp.en'cy response are
subject to oscillation, so we might not have Been able to realize as much
gaih;: (b) the signal amplifier should be tuned,_ﬂso there is no particular-
.é.:dvantage to wide—b;nd devices -- the gain—bar;awidth product is wasted;
i(c) high-frequency modules are more expensive; if modules were _us_ed,

F»he rf unit would iqave cost about three times as much as it did wif.h
Nuvistors; and (d) Nuvistofs opéra’ce at higher vbltag.eé, so the outpuf _
levels are higher and the need for a dc amplifier is eliminated in some
céses;

‘The rf unit uées Nuvistor tubes because: (a) it was to be dupliéated
and;!'operated b'y those with little or no electronic background (t;rarﬁsistors
were not used because their '""loose'' tolerances pose ‘duplicatio'f‘l problems‘;
good design can compenéa’ce for this but engiﬂeering funds were limited);

(b) Nuvistors are very small and éenera’ce ii’ctle heat, which vpermit.tevd‘ us

to confine therﬁ te well-shielded compartments, thusi:mivnimizing instability
v’fprob'le'ms; and (c) th!ei,r combination of high transconductance with low |
. interelectrode capacitance permits considerable gain without neutralization

of the amplifier stag.e\s .
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B. Applications
The original application was for a micromanometer, és dis.c-us-sed
" in Re‘_:f."S. In .achieving the design objective we found that we were able

18

to detect capacitance changes on the order of 10 ~~ F, This unusual

o dielectric properties could be useful in other areas; we
~are considering its application to diagnostic studies of gaseous media.

e Anqth'ér application involved the detection of light modulated at 2.7 MHz.
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FIGURE CAPTIONS
Fig»." 1. Block diagram of the af unit. The modulator, which is e-xterna.i

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

Fig. 2. fchematic diagram of the af unit. Components indicated bY_*

are ""fi'equency 'sensitive; their values can be deduced from Ref. 2.

Components indicated by % nﬁay require special attention. The

preamplifier is not shown.
F1g 3. Schematic diagram of the rf lock-in detector unit., The’

oscillator and power supply are not shown.,
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