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A single radio frequency lock-in amplifier reduces broadband noise, but not rf pickup of the same
frequency as the signal. If this pickup noise is at least 14 dB stronger than broadband noise, after
both have passed through the lock-in, then the signal-to-noise ratio can be improved by applying
the lock-in output to a second, low-frequency lock-in which is synchronized to an independent
modulation of the signal. Weak coherent radio frequency signals buried in both rf pickup and
broadband noise can be recovered by using this double lock-in method, as demonstrated in a

plasma diagnostics experiment.

I. THEORY

Lock-in amplifiers are instruments for recovering, by band-
width narrowing, a signal buried in broadband noise.' Re-
cently, lock-in amplifiers have been introduced commercial-
ly for rf use; e.g., the EG&G PARC model 5202 operates up
to 50 MHz, and the user can downmix signals of higher fre-
quencies. Since rf pickup at these frequencies is much more
severe than at 100 kHz (the highest frequency for most lock-
in models), pickup may surpass broadband noise as the most
difficult problem in signal recovery. Ifit is the same frequen-
cy as the signal, it will pass unattenuated through the lock-
in, just as the signal does, and render lock-in detection use-
less. For use in harsh rf pickup environments, where
shielding and other passive methods are insufficient, a tech-
nique called the “double lock-in method™ actively reduces
pickup noise. The theory of this simple method and the deri-
vation of an expression for the signal-to-noise ratio (SNR)
are described below. A practical criterion is presented for
choosing between the single and double lock-in methods.

A. Single lock-in

A single lock-in amplifier, as shown in Fig. 1, reduces
broadband noise by bandwidth narrowing.' The rms noise
voltage is reduced by a factor proportional to (7, f,)'/?, where
/1 is the frequency of the rf signal detected, and 7, is the time
constant of the lock-in (7, equals the RC time of a low-pass
filter in the output stage of the instrument). If amplitudes are
scaled so that the contribution of broadband noise to the
output power of the lock-in is ¥ 3, /(7, f}), then the output
signal is

VZ 12
V%&}T=(SZ+ = +fop) ; (1)
v
where S is the true signal and ¥V, is the result of pickup.

The phase and amplitudes of the rf pickup fluctuate
with time in a lab environment. No general model of the
fluctuations may be predicted to describe every situation. A
dc level of rf pickup amplitude is not as harmful, if it is weak,
since it will appear only as a removable offset in ¥ 2. The
most undesirable measurements have slow pickup fluctu-
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ations that may be partly due to movements of people, ca-

bles, and instruments in the lab, and these deteriorate the

quality of ¥ o).

The SNR for the single lock-in is

SNRSM = 2 —— (2)
(Vaa/T1 i+ Viep)

B. Doubie lock-in

The method uses a second, ordinary low-frequency
lock-in after the first rf lock-in, as shown in Fig. 2. The key
feature is that low-frequency modulation is applied to the rf
signal but not to the rf pickup. For example, in optical detec-
tion, where amplitude modulated light carries the rf signal, a
mechanical chopper in front of the optical detector can mod-
ulate the rf signal without affecting the mechanism of rf
pickup (capacitive coupling of nearby powerful rf transmis-
sion lines and antennae to the detector, cable, and preampli-
fier). The second lock-in is synchronized to the chopper mo-
dulation and thus reduces the unmodulated rf pickup contri-
bution to the output of the first lock-in. It also further re-
duces broadband noise, since that noise is unsynchronized to
the modulation.

The second lock-in reduces Vg, and the remaining ef-
fects of broadband noise by a factor (7, f,)'/%, where 7, is the
time constant of the second lock-in and £, is the modulation
frequency. The frequency ordering is
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Fi1G. 1. Single lock-in detection. An rf oscillator produces a signal of fre-
quency f; which is detected.
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F1G. 2. Double lock-in detection. A second, low frequency lock-in, synchro-
nized to a modulation at frequency f;, is added to the single lock-in configu-
ration. The signal is modulated before it reaches the detector, and the sec-
ond lock-in is synchronized to this modulation in order to eliminate the
noise due to rf pickup passing through the first lock-in.

75 12T ' fokfy (3)
The time 7, should be as long as the time scale of the slowest
fluctuations in V5, that might hinder one’s measurements.

There is a price that is paid for the advantage of reduced
rf pickup in the double lock-in method: the second lock-in
diminishes the signal in two ways. First, the detected power
is halved by modulating it. Second, the output stage of the
first lock-in has a low-pass filter which attenuates the modu-
lation by the ratio ¥, /V;, = F(a), where F'is the frequency
response function of the low-pass filter and

a=2nfyr, (4)
is the dimensionless time constant of the filter. Thus the sig-

nal is reduced by F(a)/y2. The final output of the double
lock-in is

] VZ VZ 1/2
Vgl]_ﬂllr = ([F(a)] S2 o BB l'fp) {5)
2 T im fa /2
and the SNR is
SNRDLI i F(a) S (6]

B W hirifinfo + Vi/nafil?

The user surely desires the maximum possible SNR and
has available three variables to adjust for that purpose: the
time constant 7, of the final lock-in, the time constant 7, of
the first lock-in, and the modulation frequency f,. The fol-
lowing choices minimize the last term in Eq. (5), the rf
pickup: 7, should be as long as possible without losing the
desired time response of the output signal, and 7, should be
as short as possible in order to allow a high modulation fre-
quency f5. The variables 7, and £, are related through Eq. (4)
sothat SNRP™ « F(a)/a. Forthecase F(a) = (1 + a?)~'/2,
the frequency response of a simple one-pole 6-dB/octave RC
low-pass filter,! which is the kind used in commercial lock-
ins, the SNR is maximized when « = 1. Having chosen 7,
the optimum modulation frequency is

b= Q2rr)" L
To find when the additional noise reduction of the dou-
ble lock-in method outweighs its loss of signal, the SNR’s of

the double and single lock-ins are compared through the
figure of merit
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SNRDLI
SNRSLI %

Using Eq. (2) and Eq. (6),

Q

I

_Fla)  (Ves/mfi+ Vi)'

= ; (7)
\/i (VZBB/Tl.flT2f‘2 it fop/TZ-f:!)l"'z

o

where the same final time constant 7 is used for both meth-
ods to be fair in the comparison. By turning the source of rf
pickup on and off while blocking the signal so that only noise
is observed, the user of the single lock-in can easily compare
Vi to Vip/(72 /). When the ratio R * is above a critical
value, i.e., when rf pickup reaches a certain level, the SNR
benefits from using the double lock-in. The critical value is
derived below.
Using

V,

rfp

- VBB/(TZfl)Uz ;
Eq. (7) for the figure of merit becomes
Fla) {1 LR
V2 (MU/nfa+R sl
and choosing the optimum o = 1,

LA e
=7 @7+ RYr )77
Since the critical value of R should be small compared to the
large number 277, f,, one can approximate

N(1+R2)I,’2
=

The double lock-in method is desirable when @ > 1. Equa-
tion (8) shows that this is the case when R > 4.9.

The single lock-in method is preferable as long as the
pickup contribution to its output is no more than 4.9 times as
large (i.e., no more than 14 dB larger) as the broadband noise
contribution. Measurements of weak signals in a severe
pickup environment may not meet this test for using the
single lock-in. If the user blocks the signal in order to exa-
mine the noise level, and finds that turning off the source of
rf pickup lessens the noise level at the lock-in output by a

Q:

(8)
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Fi1G. 3. Schematic of demonstration experiment for double lock-in tech-
nique. A weak rf signal is produced by the detector by optically mixing two
far-infrared laser beams, one of which has been Doppler shifted in frequen-
cy by an rf wave in the plasma. A rotating mechanical chopper modulates
the signal.
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FIG. 4. Data from the demonstration experiment (reprint from Ref. 2). In-
terferograms of the wave in the plasma are shown for the single and double
lock-in techniques, using the same final time constant. The double lock-in
technique reduced noise and improved the SNR.

factor of 5.0 or more, then the second lock-in should be add-
ed, the signal modulated, and the double lock-in method
employed. This, and the fact that the optimal modulation
frequency is (2777,) ', are the information needed to use the
double lock-in method.

1664 Rev. Sci. Instrum., Vol. 56, No. 8, August 1985

Il. DEMONSTRATION OF THE METHOD

To test its effectiveness, the double lock-in method was
employed in an optical detection measurement. This mea-
surement is made with a plasma diagnostic, far-infrared la-
ser scattering, used to detect an rf wave.” Figure 3 shows how
an antenna is driven with rf power to produce a wave. The
wave Doppler shifts a far-infrared laser beam by the frequen-
cy of the driving rf oscillator. Optical mixing of the shifted
beam with an unshifted local oscillator beam produces an rf
signal from the detector. The frequency of the signal is the
same as that of the rf power applied to the antenna, so pickup
can be a problem with single lock-in detection.

By moving the laser beam slowly through the plasma, an
interferogram of the wave is obtained, since the lock-in out-
put is the signal amplitude multiplied by the sine of its phase
with respect to the rf reference signal.

Figure 4 plainly illustrates that the double lock-in meth-
od can clean up a waveform, in this case the interferogram,
despite rf pickup that plagues single lock-in detection. For
this demonstration, f; = 12.5 MHz, f, = 520 Hz, r, = 500
(s, and the same final time constant 7, = 4 s was used for
both the single and double lock-ins. A measurement of noise
indicated that the SNR was improved by a factor of 0~20
using the double lock-in method.
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