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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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o "DO-IT-YOURSELF" LOCK-IN AMPLIFIERS —
T RADIO AND AUDIO FREQUENCIES™
- R Kenneth W, Lamers

; S Lawrcence Radiation Laboratory
' : University oi California
Berkeley, California

August 15, ‘1_966

ABSTRACT

We describe two specific lock-in amplifiers, one designed {or

radio frequencies, the other for audio. Both have been built and
4 _ tested by chemists with limited electronics backgrounds. Design
. philosophy is emphasized for those who wish to extend performance or
5 to design their own. |

The af unit was designed for an electron-spin-resonance spec-
trometer, locking a klystron's frequency to that of a resonant cavity.

It has been adapted to nuclear-magnetic~-resonance work by combining

it with a marginal oscillator. The af unit is designed around circuit
modules, so that much of its circuitry need not be fabricated. Per-
formance compares favorably with spec_ificatiohs published for}some
commerical lock-in amplifiers. The af unit is designed for 40'to
20,000, Hz, but its .range is easily extended. A small preamplifier
; ’ M. for exwending sensitivity to microvolt levels is also described. |}
The rf unit was designed {for measuring differential pl‘e;sures
- on the order of 0.1 p with an accuracy of several percent. In aéhi‘eving‘
= the dcsi;;n‘ objective, we were able to detect cap‘acitance changes on

' -18

" the order of 40 F. Our rf unit opcerates at 2.7 MHz, but it can be .



adapted to other radio {requencics.
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instability problems normally encountered at radio frequencics.

2

It uses Nuvistor tubes to minimize
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%, ' ' I. INTRODUCTION
s : : High-performance iock-in amplificrs are commercially
#

.availablc, but in many cases the price is prohibitive for experimenters
with limited funds. Furthermore, s.omc of these units incorporate
fcatures unnecessary to a given application, and the additional com-
plexity is undcsi_rablc. Also, commerical lock-in amplificrs do not
encompass the entire radio-frequency spectrum. In some cases one
has no alternative but to design his own. In any event, the expericnce
gained in building and trouble-shooting one's lock=-in is invaluable in
understanding the instrumentation requirements.generally associated
with it. The lock-in amplifiers described here are relatively easy to

build and test. Proper testing requires an oscilloscope and a signal

gencrator, but our chemists have had little frouble in adapting to these
instruments. Additional information in‘the form of photographs,
templates, c0ns.truction details, and test procedures is availablc..

The principal merit of the af unit is its simplicity, This

simplicity stems from its construction; i.e., it is designed around

;::.‘ . commerical circuit modules, so that much of its circuitry need not
be fabricated. The unit is solid-state, and includes its own power
supply. We also describe a small preamplifier for extending sensi-
tivity to microvolt levels.

Performance of the af lock-in amplifier comparcs favorably
© with specifications published for some commerci.ﬁl units, but ours is
“less flexible in sclcéting frequency. Itis bcst'uscd in applications

where frequency changes are seldom made, but it can be adapted to

. variable-frequency operation. Fixced-{rcquency operation is quite
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suitable for many applications, however, and reduces complexity of
the instrurment. Some experimenters probably will choosc to ¢stablish

.,;{rcqucncy and scensitivity requirements with a commercial lock-in

a 1;élifici' before building thci; own. . ‘ -
The radio-frcquency lock-in amplifier does not employ circuit

modules, but uses Nuvistor tubes instecad. Nuvistors, which are much

smaller than conventional tubes,. offer advantages at radio frequencics,

as discussed later. -

II. GENERAL CONSIDERATIONS

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

will be somewhat limite.d. Basically, a lock-in a_xmplifier does much the
same thing as a tuned amplifier but does it better. The principal dif-
ference is that lock-in amplifiers are phase se-nsitive. Also, they

can operate at-béndwidths that are very much narrower than are
possible with-a conventional tuned amplifier operating at the same

- frequency. The reasons that lock-in amplifiers can operate at such
narrow band\x)idths are: (a) the information (signal) sou‘gi.lt is ampli-
tude -modulated by a reference, usually of audio freq;lency or higher;

(b) the reference aléo gates a synchronous detector that fespo_nds to the
gating frcquency'only; and (c) if the reference frequency changes, the

gating changes in correspondence, so that the lock-in always remains

"in tune. '
Lock-in techniques arc commonly used to recover signals 40 4B
below the ambient noise level. These techniques are very cifective

because: (a) they minimize noise gencrated by the amplifying devicos

~Agpap

®

»
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uscd;” (b) they reduce white noise associated with the signal inversely

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

reduced is related to the highest frequency of the information sought);
and (c) they discriminate against noise at the "'tuned"” frequency, bu;u
of random phase.

‘Lock-in techniques minimize. noise generated by the ampiifying
devices used because: (a) the sig_nal'is modulated to translate its
spectra from a band centered around zero frequency to a band centered

about a higher frequency (the modulation frequency);5 most amplifying

z

devices have noise spectra that vary as the reciprocal of {requency;
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.

N v

III. AUDIO-FREQUENCY LOCK-IN ‘AMPLIFIER

A. General

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 clectrical or mechanical. The

af unit (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. Only two

arc used, but the extra one might prove uscful to some experimenters.

Most frequency-deterimining ¢lements {a parallel-T network for tic

N
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first amplifier stage and a nctwork for the oscillator) are fabricated

into blank containers supplied by the module manufacturer.

B. Circuit Description

1. Signal Amplifier

The signal amplificr cornprises two stages, the first‘o_nc tuned
to prevent noise and spurious pickup (such as 60 Hz) frdm satﬁr’ating
‘the amplifier stage that follows it, Bandwidth of the system, however,
is normally 'déterrhinedzby the time constant following the detector
(Fig. 1).7. Frequency'chavf'a‘étt‘eristics of the first stage are achieved
.\vithvvncgative fcedba’ck through a parallel-T network. Characteristics
‘measured when it is tuned to 560 Hz are indicated-in Fig. 3. Asymm‘ctry

is not due to the network per se ; but to the divider action of R4 and the

network at high frequencies (Fig. 2). FigureS indicates that the high-
frequency response falls off more than the gain of A1 (Fig. 2). One
would expect the relative responseb to change by no more thdn the

gain of the module used. 8 Additional rolloff at high frequencies is

duc to the divider action of R1 (added to ensure that the mi’niﬁuum
“impedance shunting the input of A1 is a ‘rea“s'ona'ble. value) and the
network which reduces the _signai actually applied to the input of A1.
Asymmetry is not objectionable, howevef_; the reduced response at
high frequencies enhances lock-in performance {by re¢ducing noise)

—

even more than if the response were symmetrical:

~p
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Design cquations for the parallel-T nectwork are:
b =k/(k + 1) (1)
RC= o™t (2)
o :
where the parameters represented are indicated in Fig, 4, RS and RL

are the source and load impedances, x‘cs?cctivcly, and wg is 27 times
the frequency to which the parallel T is tuned.

The value of R (Fig. 4) must be compatible with the source
and load impedances used with the parallel T. vait is not, the pecr-
centage feedback B, at frequencies remote {rom the center frequency
might be too small, and attenuation to the undesired frequencies would »
therefore be reduced. The value of R is {requently chosen with
symmetry considerations in mind, 10 but we are not concerned with
that cffect, as indicated above. Our principal concern is that § be
reasonably high at frequencies far from the network's frequency.
Referring to the equivalent circuits of Fig. 5, we see that the values
of $ can b.e computed if the network, source, and load parameters
arc known. We chose .an R of 3 kK2 anda k of 1 (sce Fig. 4); In
Fig. 2, the load presented to the parallel T is determined by the input
impcdance of A1 and any resistance in shunt with its input. fhe shunt
resistance is always greater than R, Assuming 11 K2 for R4, 70002
for the source imﬁcdancc (the measgred output impedance of a T-108
module), and 30 k2 for the module's input impedance (manufacturcr's
data), we obtain bevtasv of 0.55 and 0.50 gxt the‘lvow and high frequencics,

respectively.
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In view of asymmetry due to the divider action of R4 and the
network, one might consider reducing R (Fig. 4) so as to obtain a

largexr B at low frequencies. A simple calculation, however, reveals

at R must be reduced considerably in order that f3 be increascd
'zipgizav'reciably. A reduced R dcxﬁands a proportionate incrcase in
cépacitor sizes; howbvér, it is sometimes difficult to fabricate larger
Capacitdrs into fhe blank containers used. At any rate, if onc.under-
stands thc‘requiremcnts imposecd ‘upon R-, he 'cvan dcsign a nctwork
with properties suitable to the circuit used.
| The value of R | is chosen to compromise opposing influences;
that is, a change in I'{ that increcases p at low frequén_cics reduces
‘ﬁ at high {requencies, and vice versa. This explains why R is
usually.choscn to be the geometric mean of the source and load
impedancés. |
Referring again tb Fig. 4, our pérameters at 560 Hz are k = 1,
b = 1/2, R = 3k2, and C = 0.4pF. In genera’l, the value of bR must be
aa_justcd to obtain the required ffequency characteristics. (The
| absolute frequency is generally not critical, so it is casicr to adjust
bR for the desired selectivity even thoﬁgh the tuned frequency is
changed séxncix'ha!;.) For cxaxuupié, we ;found that.bR should be 1.3 kK22
.shunted by 15 k&2, When on;? sclects the value of bR, the following key

points should prove helpiul:

a. Removal of the parallel T will facilitate amplifier
testing and will not interferce with amplifier operation.

b. Amplifier ginan with the parallel’ T plugged in should
be slightiy less than with it removed. I the parallel
T increasces gnin, the first stage becomes regeneria-

R

tive, and thereliure susceptible to oscillation.

r

<
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The value of R for the parallel T (Fig. «) should be
approximately 3&2, The capacitor values required
can be coumputed from Eqs. (1) and (2); if values

differ oniy slighily from standard ones, itis casier (o
sclect the value o o accordingly. I the {requency
characterisiics of A1 arce not sharp cnough (Q = 25), or
Pis reduced too much when the parallel
T is inserted, change the value of bR (Fig. 4) to one
that yields the desired characteristics.,

It is generally necessary to reduce Al gain slightly
below its maximum value when the parallel T is plugged
in. If gain is not reduced, the first stage oscillates.
Adjust A1 gain to the highest stable valuc in oxder to
increasc sclectivity. :

The signal at the blue test point (Fig. 2) should not
exceed 2V peak-to-peak. Above this value, linearity
falls off.

2. Synchronous Detector

The detector is a synchronous type“

during the same half cycle. The gating waveform is sinusoidal.

employing two diodes, both

of which are gated in-phase by the reference so that they conduct

The detector responds to inputs at the reference frequency only.

"Inputs of any other frequency produce a beat frequency that is filtered
out by the time constant following the detector. Since the detector is
phase—sensitive; inputs of improper phaée, produce -little or no output,

the amount depending upon deviation from the required phase relation-

As indicated earlier, the signal seught is modulated at the
reference frequency. Signal frequency is therefore correct, but its
phase is not necessarily optimum. In order to mcet this phase

requirement, the af unit includes a phasc shifter that permits us to

1

change phase of the gating sinusoid. The phase shifter is normally

adjusted for maximum response 1o the signal so that the modulated
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signal appears in phase with the gating sinusoid at one diode, out of "
phase at the other diode. The net result is increased output from one N
diode, reduced output from the other. The diode load-resistors

g 2) a_rcnvconnected in serics, polarities being suéh that the output
is zero in the absence of signal.

Detector response is'very linear’_ because _th‘e gating amplitude
ciuoscn is largér than any signal nérx_‘nally Aapplied to the détectof.

This ensures that both diode‘s operate abdut a linear region of their
characfcristic curves. v[‘The blué'test*po'int (Fig. 2)’_should be monitored
wivth an oscilloscope. If the monitored signal i‘s 2V or less, pecak-to-
pcak,detector operation.is linear. ] ‘ .

Since the detec\tc‘)‘rbis. balanced, it i.s relatively insensitive to
changes in gating avm‘p,lit;ude. This configuration also minimizes
changes in zero resulting from chang-és in the phase control. 'l‘n‘is
can be explained as follows: The gating sinusoid is derived from
phase-shifter output. Ideally, the gating amplitude remains coﬁstant,
and its waveform is not distorted when phase is altered. This
idcalization has been apprqached, but the'sinusoi’d distofts slightly.
Distortion does not cause zero shift with this cox'i'figur'atiovn becauée
both diodes are gated to conduction by the same half cycle. Distortion,
thercfore, influences both diodes identically.

If the diodes were gated by alternate half cycles, asymmetric

distortion would cause zero shift because the gating sinusoid is applied L

to the detector through a transformer. The sccondary wavéform

therefore adjusts about a level at which arcas above and below zero

s

%
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voltage are equal. For a symmetrical waveform, the positive and

negative peaks havg: cqual amp_litw.'xdc.‘ If, however, the phase shifter

introduces asymmetric distortion, the sccondary waveform adjusts at

a different level when the phase is changed. The new level causes the
positive and negative peaks to be unequal. If the diodes were gated by

alternate half cycles, one would conduct more, the other less, so that

zero would change.

Onpe may wonder why transformers are used, especially in
K4

view of their frequency limitations. The answer lies in the application’
for which the af unit was originally designed -- an automatic {requency

control that locks a klystron's frequency to that of a resonant cavity.

If their frequencics differ (owing to such changes as cavity temperature

'

or klystron drift), the af unit develops a feedback voltage that brings

them back into correspondence. This feecdback voltage, obtained from
the detector output, is applied in series with the voltage normally
applicd to the klystron's reflector (several hundred volts)., Transformers
: N ' 13 ' o
isolate the phase detector from ground. "~. For most applications one
can dispense with transformers, substituting dc coupling:and the

. : - 2
appropriate phase-splitter instcad. These changes would extend the
frequency limits considerably.

The detector also is subject to frequency considerations., For
example, its dc-output level is related to the size of capacitors C3 and
C4 (Fig. 2). For cach {requency there is an optimum value dependent
upon ripple tolerable and output level required. These requirements
arce not severe, however, and one is permitted considerable latitude

in choosing these canacitances.
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Since the synchronous detector is a form of rectifier, its per-
formance depends upon two different time constants, charge and dis-
charge. Both involve the same capacitor (C3 for example), buta

different resistance. The charging resistance is determined by the -

output ixﬁ‘p ancc of A2 (Fig. 2), the forward resistance of the diodes,
and the 'pr"bfpertics of transformer T1; most of it is due to the winding
i'csistc;mcels’ of T1. Resistance components contributed by the output
impcdance 6f AZ and the diodes are nceygligible by compnrison.. In
prac'tice,' the chai‘giﬁg resistance is approxixhately 10k,

The chargi.ng time constant with C3 selected for 560 Hz is
approximatély 100 psec. Compare this with 450 psec, the time required
for a sinusoid to reach peak value at the fréquency indicated.

The discharge time consta_nt;, determinéd by CS and the |
resistance in shunt with it, is approximateiy 1700 psec. This time
constant determines the level to which C3 cﬁscharges in the time interval
between charging cycles. The discharge time constant actel'nxincs
ripple at the detector output.

Somé may choosé to find the ;/alue of C3 cmpiriéally,- selecting

a value that gives the greatest output (meter current) for a given signal

[N

nput. Others may bev more vconcerned with ripple. _M}c chose 0.01 nE
at 560 Hz; for comparable periormance at another.frequency, onc should
.scalc C3 (and C4) inversecly with frequency. ) o

The detector (Fig. 2) includes a switch labelled DET, which
has two positibns, T '_and;\{_{”i'f-:-:.t and ;\'orxﬁal'). ’I"h(:. 'I‘cirvst,pc‘)‘sition is

convenient for monitoring detector performance with C3 and Cd dis-

connccted., If, for example, the black test point is grounded and one

?{)

Y

e
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monitors the yellow (or red) test pbint .with an oscillqscqpe probe, hali-
wave rectification can be observed. If a sigral is applied, the amplitude
of the rectified waveform increases or decreases, depending upon
signal p!l;SQ relative to the reference.
3. Oscillator

The oscillator is a threc-section, vphasc-lead type. Oscillation

C 14
{requency is given by

o .= (RG[3+2/a+1/a% Ry/R)E + 2/ 2} (3
where the parameters represented are shown in Fig. 6. The minimum

: _ iy 14
gain necessary to sustain oscillation is given by

v
y

r ! ' \ \2 1]
: - R R i
_ 12 7,2 s | 11 4 | s‘,' 2 !
A - LSJ'E‘*“Z*‘B‘,*T \9*?”—2*?}‘“5‘:*' (4)
‘ ‘ a a a /‘

Referring again to Fig. 6, we chose an R of 3.6 k2 and. an
a of 1. R 1is considerably greater tfxan RS (77009.) in order to reduce
the influence of RS upon os.cillator freqqency. Larger R's also reduce
gain r_equircments of the amplifier, . as indicated by Eq.‘ (4). If R is
incrcased, changes in the module's input impedance (30 K&2) influence
oscillator frequency to a greater extent. Small frequency changes are
not harmful, but excessfve drift is detrimental because the signal
amplifier is tpned.

Oscillation is achieved with positive feedback around a lincar
amplificr. The af unit is designed for singlc-frcciucncy operation, so
the amplitude regulation normally associated with variable-frequency -

. -
oscillators has been omiuad.
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Referring to Fig. 6, ourparameters at 560 Hz are a = 1,
R = 3.6 k2, C =0.033 pF. (a R is the frequency adjustment shown in
Fig. 2.) The paramecters for other frequencies are more easily
dctexmined if the following points are kept in 'mind:
The valuc of R (Fig. 6) should be approximately 3.6 k.
Capacitor valucs can be computed from Eq. (3). I these

values differ only slightly from standard resistances, it
is casicer to sclect the value of R accordingly.

b. The oscillator frequency must match that of the parallel
"T. To achieve this, apply an attenuated output from REF
OUT to SIG IN, then adjust the FREQ trimpot for maxi-
mum output at the blue test point (the attenuator should
present more than 30 k2 to REF OUT). If the FREQ
trimpot has insufficient control, modify the oscillator
network accordingly.

c.  The OSC trimpot is édjusted for approxinﬁately 6 V peak-

to-pcak at REF OUT. The waveform should be sinusoidal
and frec from distortion.

4, Phase Shifter

The phase shifter may seem unduly complicated, but the recasons
for this complexity will soon become evident. Its basic purpose is to
shift the gating sinusoid 180 deg. It is desirable that its output ampli-
tude remain constant in order to minimize éero shift resulting from
any‘detector unbai'an'ce. Our phase shifter satisfies.both fcquircmcnts.

Output amplitude remains constant with phase for the following
rcason., The nct;vorks (Fig. Z)Iare driven by two volt;iges of equal
amplitude but opposite phase. In the equivalent circuit of F'ig. 7 and
the vector diagrams of Fig. 8, note that the networks are excited by
two voltages in scries, E4 and E2.  Part’ Qf_’the exciting .voltagc 13
dcvulo;)«;cd across the ca.p:xcitor (E’C‘), the rest aéross the resistance

(ER).

Because these components are always in quadrature, they

can be represented within a circle, as shown in Fig. 8. When phase
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is adjusted, EC and E,, change according to the ratio of reactance to
. iN
resistance. TFigure 8 indicates the distribution of voltage for two

different scttings of R. DBecause output is taken between points P11

and P2, the output vector is drawn from the center of the circle (Fig.

8). When R changes (Fig. 7), the output vector rotates relative to
thc applied voltage, but it does not change in amplitude.

If the reactance of C (Fig. 7) could be reduced to zero, the
output vector would rotate 180 deg when R was c.hanged from zc¢ro to
some {finite resistance. But the reactance cannot be reduced to zero
becagsc (aj such a reduction would require a capacitor of infinite size,
and (b) zero reactance would short-circuit the generator driving the
network. Since the soxirce has limited current capability, the
reactance of C must be large enough to ensure that the source is not
overloaded \vheh R is re.duced to zcro resistance. With the phase-
splitter chosen (Fig. 2), we determined that distortion results unless
the recactance of C is greater than 40 kQ,

.Inasmuch as distértion limits the value of C, and .since the
sourcc always includes some resistance, it is not ge.nerally possible
to obtain 180-deg shift with one network. Consequently we employ t;,vo
networks, obtaining more than 90-deg phase shift from cach. The
nctworks are ganged, 'so that one control adjusts the phasec of both
(scc C1 and C2, Fig. 2)‘.

The foregoing discussion indicates that the reactance of C
must be greater than 40 €2, Since reactance is a function of f-rcqucncy,

the value of  C must be adapted to the operating frequency chosen—

we use 6800 pXf at 560 Hx. For a ohasce shift of at least 90 deg, the
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value of R must be approximately 50 k2. If R is 50 k2, however,

phase-shifter output amplitude changes with phase when a low-impcdance a

load is connected to the phasc-shifter output. (This is morc¢ apparent .

cquivalent circuit of Fig. 9.) Loading is a problc:a if the

phase "blujftcr is followed by bipolar transistors. One solution to

loading is boo'tstra.pping;16 our solution is field-effect transistors» for

Q2 and Q4 (Fig. 2). These transistors have a very high iﬁ;)ut impedance,
literally hund'rc::‘ds of megohms. As used here, their input is shunted

by 10 M2, but that is fe‘latively high when compared with the value of

_R uscd (50 X2). Field-effect transistors are also useful because they
permit the use of smaller coupling capacitors.

5. Source Follower

3

‘ The sourée folloner, not required’fo_r somc.applic'a'tiorxs, is
nccCssary when the phase deteétor must drive a low-impedance load.
‘The phase detector is not suitable for driving low-impedance loads
because (a) detector lineé.rit'y suffers, and (b) output volﬁagc 15 rceduced
too much for many applications, | Also importaht, the t%mc constant
responsible for system bandwidth (f‘ig. 1) is connected betwc@n phase-
detector output and source-follower input. The»lsource follower permits
‘us to reduce the capacitor size associated with a given time constant.
Bcc;;use the source-follower inpuf; impedance is very high (uscs ficld-

cifect transistors), we can use large resistors for R2 and R3 (Fig. 2),

lad

thereby reducing the capacitance required for a given time conastant. -

6. Preamplificr
A small prcamplifier has been designed for those applications

requiring microvolt sensitivity., This preamplificr, which uscs two
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lincar~amplifier modules, is constructed separately; its schematic
is given in Fig. 10, Power is obtained from (a) internal batteries,
or (b) a separate power supply, also shown in Fig. 10. - Maximum gain

is about 8000, with the actual value depending upon such factors as

load impedance.

E. Specifications

FREQUENCY RANGE: 40 to 20,000 Hz. The frequency range can be
-extended if the transformers are omitted.
SIGNAL CHANNEL Q: approximately 28 at 560 Hz. |
GAIN: (dc‘ out/rms in)l = 3'000. - Additional gain (mor‘e than 70 dB)
can be obtained ._with the preamplifier described.
EQUIVALENT iNPUT NOISE: approximately 1 uV rms with the input
terminals shorted and a 2-sec time constant. Measured at
560 Hz. |
LINEARITY: better than £1% of full scale.
ZERO DRIFT: less than 1% of full scale ;Der‘hdur, maxim\_xm.'
OUTPUT: |
LEVEL: maxilmu.m de output is #2 V (linear range).
IMPEDANCE: 1 K2 when takén from RECORDER, 360 k2 at

PHASE DET OUT.

INPUT IMPEDANCE: 1 kK2 (approximately 30 k2 with preamplifier).
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F. Applications

The af unit was designed for an ESR spectrometer now being
developed. Two lock-in amnlifiers are used, one for automatic {re-

quency control (12'1<I—Iz) » another for the signal channel (560 Hz!.

§3

We have:adapted the af unit to nuclear-magnetic-resonance

work, using th ,"1"<ff>ck-in amplifier with a marginal oscillator to detect
the nuclear-»m;:a‘.g’n’etic-resonant frequency of a sample exposcd to a
magnetic fiel'd. This.frequency, direc‘tly proportional to ficld
‘strength, can be me'as-urc.zd with 'precisiori and affords an accurate

“measurcment of field intensity. Another application involves automatic

frequency tracking when the magnetic field is varied.

IV. RADIO-FREQUENCY LOCK-IN AMPLIFIER

A. General Considerations

Commercial rf lock-in amplifiers do not yet encompass the
entire radio-frequency spectrum, This is probably because therc is
little dcmar‘xd and freﬁucn;y flexiBility is hérci 'tocome by. As require-
ments become better defined, commercial units 'car_'x be expected to
follow suit. |

As étatcd carlier, the rf unit was aesigned with a specific
objective in mind; to measure prcssurve‘ differentials on the order of
0.4 p accurate to scveral percent. When the unit was' designed, .com-
mercial mic.xjoman‘omcters' of sufficient sensitivity were not available,
and so we designed our own. For rcasons described elsewhere, 17,18

we elected to sense pressure difference with a membrane manometer,

constructed like a differentinl capncitor. The capacitor formed two

S
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legs of a resonant-bridge network excited by a 2.7-MHz source. Bridge

output was amplified and detected with the rf lock-in detector described

(Fig. 11). - The frequency of 2.7 MHz was chosen for several recasons,
some theoretical and some practical; Those reasons, not discussed
here, arc explained in Ref. 17.

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

around circuit modules. The main recason is that the rf unit was

developed before the af unit, so we had not ye.t thought of using cir-
cuit modules. Even so, we might have .rcj‘ccted the modular_‘ concept
for the r{ unit because: (a) most modules wiih adequate {requency
response are subject to oscillation, .so we might not hdvc been able
to rcalizc as mgch gai‘n'; i(b) the sigpal amplifier should be tunved, SO
there is no particuldr ad\;antagc tb wide-band devices -~ the gain-band-
width product is wasted; (c) 'hi‘gh'-frcquen'cy modgles were more expen-
sive; if modules were used,  the rf 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 highe‘r and the nced for a dc
amplifier is c¢liminated in. some cases. |

The rf gnit uses Nuvistor tubes because: (a) it was to be dupli-

cated and operated by those with little or no clectronic background

_(transistors were not used because their ''loose' tolerances pose

duplichti_on pr‘ovblcms; good designrcan éompensate for this, but
engincering funds were limited); (b) Nuvistors are véry small and
generate little heat, which permitied us to confine Lhém to well-shielded
compartments, thus minimizing instability prbblcms: and (c¢) their

combination of high transconductance with.low interelectrode
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_capacitance permits considerable gain without neutralization of the

amplificr stages..

‘B, Circuit Description

1. Signal Amplifier

The signal amplifier _cdmpr,ises three stages, each tuned to ,
2.7 MHz. (See¢ Fig. 11.) Because all three stages employ Nuvistors,
more gain can be realized than is possible with most conventional tubes. *

The tuned circuits are shunted with 5.1 k2 resistors that reduce regen-.

eration and increase bandwidth, thus minimizing the effects of frequency - -

drift.

1

_ Some tuﬁed ciréuits are inductive‘iy coupled to form transformers.
In Fig. 11, T1 {(for exarﬁple) is used to match the input impedanéc of V1
to thaf of the source. We now show that i‘ts.* primary should be series
resonant in some cases, parallel re s'onaﬁt in 6the.rs, with the choice
depen.ding‘uvpon source resistance.
Assuming that we wish to obtari'n m_éxinium gain from T1, we

write the equation as

(with critical coupling as's.u_med),vwhere the parameters represented are
indicated in Fig. 12; here QP and QS représent the primary and sccon-
dary. Q's,respectively. =

3
3

LP’ and -QS arc constant, Eq. (5)

If we assume further that Lg,

reduces to

g

N
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Crmax = K QP ’ (6)
where K is some proportionality constant. Therefore, Gma)c is

proportional to the square root of Qp.
The value of QP can be expressed by two equations, one for

scries resonance, the other for parallel resonance:

\

(series resonance) . (7)

= Rc Jw L1 (parallel resonance) (8) v

where wOLi.is the inductive reactance of L4, and Req is the equivalent

resistance lowering primary Q.

If we assume that losses due to the source resistance are much’

grcater than the equivalent coil losses (6Q), we can substitute the source

resistance for Rc in Eqs. (7) and (8). Each equation yields a different

22
P’

q
we select the resonance type giving the highest value.

An example should prove helpful. With 2.7-MHz operation
and 40 pH assumed for L1, its inductive reactance is approximately
7002, We would use series resonance if the source resistance were

less than 7002, parallel resonance if it were more. Physically, this

. can be cxplained as follows: Secondary voltage is directly proportional

23
P'.

line current (IL) are the same. If the primary is parallel-resonant,

to primary current, I If the primary is series resonant, Ip and

IP is QP times I..  The important quantity in ei;her case is the value of

L
Ip‘ At first, it maight appear that parallel resonance is always best
because IL is multiplied by Q. Remember, however, that parallel

.resonance increasces the input irmmpedance of the primary, reducing :[L

LRt
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‘accordingly. If I 1is to be increascd by parallel resonance, the valuc
: P

of Q. must be greater than the factor by which line currents arc reduced;

this‘»y;;‘acftor is related to the impedance of the primary relative to the
resi’%ﬁnte of the source. The preceding derivation indicates that the
transition occurs. when the source resistance equals the inductive"
recactance of 'Lp.f»_ Substitution ;)f the design parémeters into Eq. (5)
revcals that .the.maximum gain obtainaﬁle from T1 is approximately 16.
In most cases, the value realized is considerably lesAs, the amount

depending on source resistance..

2. Synchronous Dectector

‘With the exceptionof wred circuits, the detector configuration

is identical to that used for the af unit. For a discussion refer to

Sec, IlI. B.2. The rf unit does not include a source follower and special

time constants, such as those used in the af unit. If necessary, these can

be added as shown in Fig. 2. .Common-mode voltage at the detector

output is greater for the rf unit, however, and bias to the source follower

must be adjusted to compensate for their differences. If large time
constan;s are not required, a low-impedance 'potentibmetcr recorder
can be driven by a divider connected across the DET OUT terminals,
as shown in Fig. 11..

3.

w3

cference Amplifier

The reference amplifier involves only one stage. Amplifier
output is coupled to the phase detector through trans former T4. The
i unit does not include a phase control per sc :. phasc is adjusted with
L9, Some may é)rcfcr_ a more claboratc'phasq shifter such as that .

discus=od in Seo. 17113, 4,

2

4

ko

S— ]
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4. Generator .
The ge.nerator (Fig. 13) comprises a crystal-controllcd‘
oscillator and a Buffcr. (A self-excited oscillator might hdve proved
adequate, but \\'e-prcfcz-rcd the stability associate.d with crystal control.)
The cryé'tal is c;perated scries-resonant, with feedback determined by
the capacitance ratio of Cl and C2. The ratio ana bias are adjusted to

produce a minimum of distortion. This capacitance divider also

reduces oscillator loading, thus impfoving frequency stability. Buffer

“excitation is low to prevent V2 from drawing grid current. The coupling

capacitor and bias are adjusted for purity of waveform.

E. Specifications

Performance, as related to the original application of the rf
unit, is described in Ref. 18. The important specifications _for the
modified r{ unit arevlisted below: |
FREQUENCY: 2.7 MHz. |
SIGNAL CHANNEL BANDWIDTH: 220 kHz.

GAIN: (dc out_/rms in) = 2700, dependent upon source resistance.
EQUIVALENT INPUT NOISE: not measured. (We were able to detect
capacitance changes on t.he order o_f’10°18 F with the unit of

Ref. 18.) ‘ | _

LINEARITY: approximately 1% of full scale.
ZERO DRIFT: not mcasured.

OUTPUT: lincar to at least 2.4 V.
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¥, Applications

The original application was for a micromanometer, as

discussed in Ref. 17. In achicving the design objective, we were

, , ; - - _ -18 .
- able to detect capacitance changes on the order of 10 ', This

unusual sen tivity to diclectric properties could be useful in other
arcas; we are considering its application to diagnostic studies of
gaseous mecdia. Another application involved the detection of light

modulated at 2.7 MHz.

aon e ez
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FIGURE LEGENDS
Fig. 1. Block diag,ram of the af unit, The modulator, which is
external to the af unit can take many fo_rms,' electrical or mechani-
cal.
Fig. 2. Schcma‘tic.diagramv of the af unit. Modules T-108 and T-116
arc manufacturcd by Engincered Electronics Company, | Santa Ana,

" California. Module grouﬁcls should be made as indicated to avoid
around loops. All resistors are 1/4W, 5% carbon, unless
indicated dtherwisc. Phasc(control is a 2-gang, 2W, Ohmite
CCU-5031. v'All capacitors not polarizcd are Mylar . BNC connectors
arc in;ulated from ground, DAGE 4890-1. A‘ Components indicated by
* are {requency écnas.itive; their values can be deduced from the
text. Compc;nents in.dicatcd by ¥ may require spccial.attemion.
We found that \thn o‘.pcratihg at 12 kHz, the capacity unbalance of
T1 caused detector unbalance and zero shift with phaée. This was
corrccted by suSstituLing UTC type A-22 for T1. |

Fig. 3. Frcqucncy characteristics of A1 (Fig. 2) with parallel T tuned
to 560 Hz. Asymmetry is cxplained in text. |

Fig. 4. Parallel-T network. The source and vload are connectedlas
shown by dashed lines. . |

Fig. 5. Equivalent circuits of the parallel T at (a) dc, and (b) high
frequency. ‘R is the net\vgrk'resistance, as indicated in Fig, 4.

R_ and RL are the soufcc and load rcsistanccé», respectively,

S

Fig, 6. Equivaleat circuit of thrue-scetion phasc-lead oscillator.

Fig., 7. Xquivalent circuit of ezxch phasce-spliticr (Fig. 2), El and E2

are caual in amplitade, but o onnosite phoage, OQuiput ig taken between

points P4 and P2,




Fig. 8. Vector diagram illustrating why the phase-splittérs vield an

Fig.

output of constant amplitude but variable phase: (a) Phase control

‘at an arbitrary setting of R; (b) Riincreased to a higher value.

284 ' UCRL-16632
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9. Eguivalent circuit of phasc-splitter illustrating why output

“amplitude (:'hangcs with phase unle?s‘s R, is much greater than R.

Fig.

Fig.

_ ceramic fccd throunn capautoxs, all other pF capacnors are

sxlvcr-nwca and all pl" capacxtors are Mylar. Cisa 7-to 45-pF

10. (a) Schuvxanc dlagram of the af preamplifier. BNC connectors

arc DACE 4890 :l First-stage bypass (pins 8 to 9) is subject to

' frc:qp‘cncy.v_ (b) Power supply for'p'.i"éam_pli.fier..

11 Schcr{qatic di’éivram of the r'f lock-in-—detector unit. The 27 kD

rcsxstors are 1/2\\" dll others are 1/4W Asterisks denote 1000-pF

- ceramic tr‘immexf. All inductors ﬁ;:ompr_lse 64 turns.of No. 32

Fig.

Formvar wound on National Radio;Corp. - form XR50; L? is center-

tapped. The roman numerals indicate the compartments in which

' the¢ components are mounted. A ldw-impedanec potentiometric

recorder can be driven by a divide_r across the DET OUT

terminals, as shown. The power §upply-is not shown.

12, Equivalent ¢ircuit useful in proving that transformer T1

(Fig. 11) should be operated scries~-resonant in some cases and

- parallel-re¢sonant in others, with the cheice depending on source

Fig. 13. ‘Schematic (_‘I_i.agram‘ of the rf lock-in gcné;rator unit. All resis- -

R4

resistance.

»
S

X . Cok . g ) , o / "; o i
tors are 1/4W. Inductance L comprises 04 turns of No. 32

S Formvar wound on National l?'{:adid\”orp.; form XR50; L2 is 25 turns

of No. 2% Formvar wound on 1orm

\

“The crystal (type CR-
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5 ‘ Fig. 13. (con't)"
“ 18/U) opcrates at 2762.500 kHxz. Capacitors marked with an
o/ )
asterisk are 1000-pkF, ceramic feed-through type; thosc designated
SM are silver-mica.
..
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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