DIGITAL LOCK-IN
TECHNIQUES FOR IR
DETECTOR AND
FIBEROPTIC TESTING

Digital computation of the spot noise accompanying
the signal input of a lock-in amplifier produces results
far superior to traditional analog methods. It provides
much faster and more accurate measurements, works
over an extremely wide S/N ratio range, and covers the
full frequency spectrum of the instrument. Examples of
photodetector testing and fiberoptic characterization
are given.

By James L. Scott, John S. Pease, and Edwin H. Fisher

Lock-in amplifiers will measure a signal with
high accuracy even when that signal is buried in
discrete frequency interference and random
noise. They have been used for years in laborato-
ries to measure extremely small signals. More
recently, the LIA has found use in the production
testing of optical fibers and solid-state detectors.
In these applications, the LIA measures both the
signal and the random noise to establish signal
detection limits, determine the maximum possi-
ble measurement speed, and calculate the S/N
ratio. In addition, solid-state detector manufac-
turers use the LIA to measure detector spot noise
at one or more frequencies.

The noise measurement capability of LIAs can
be greatly improved using A/D converters in
conjunction with microprocessors programmed
with noise calculation firmware, making noise
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DIGITAL NOISE TESTING

measurements with the LIA very practical to use
in test fixtures. This article explains how these
digital techniques are implemented using an
integrating A/D converter/computer interface
unit to make better noise measurements. It also
discusses some of the theory of noise measurement.

The LIA measures ac signals obscured by noise.
It acts as a very selective ac voltmeter, in effect
acting as a narrowband filter capable of extreme-
ly high Q to reject both random noise and discrete
frequency interference (DFI). It produces a dc
output proportional to the rms voltage of the
fundamental of an input signal (e,) that is coher-
ent with a second input, the reference frequency
(f,). It can be thought of as a bandpass filter that
automatically locks its center frequency to f,
followed by an rms-to-dc converter.

Noise measurement using LlAs

The LIA can be used to measure the spot noise
surrounding f;, that is, the Gaussian noise densi-
ty e, in volts rms// Hz. This can be done either
independently of a signal measurement or in
conjunction with one. f, can be scanned over a
range of frequencies to obtain a noise density
profile if desired.

The LIA can do this because it must inevitably
allow the portion of the input random noise lying
within its effective passband to appear in its
output. This causes fluctuations in its de output
level, the amplitude of which can be measured to
yield the referred-to-output (rto) noise, (S). This
can be readily scaled to a referred-to-input (rti)
value using the known equivalent noise band-
width of the measurement system (B) and the ac-
input to de-output gain (G) of the LIA:

S e
i G/B V rms//Hz (1)

Usually the LIA employs a two-pole (12 dB/
octave) lowpass output filter with RC time con-
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stant 7 to supply the overall bandlimiting, in
which case B = 1/(8 1), as explained in the
figures accompanying the sidebar “Basic Princi-
ples in Noise Measurements.”

Analog and digital noise measurement
Typically, one measures noise for one of two
reasons. First, a knowledge of the S/N ratio (S/N
ratio = e/e,) allows predictions on how long it
will take to measure a signal to a given confi-
dence level.

Second, the amount of noise present defines the
limits of resolution of the measurement system,
beyond which the signal is unrecoverable (at
least in the time allotted). These considerations
represent two manifestations of the general prob-
lem of speed vs. accuracy tradeoffs that must be
faced in any noisy system.

Historically, analog techniques have been used
to determine the amount of lock-in output fluctu-
ation and thus measure noise (see Fig. 1). Typi-
cally the noise measurement circuit rectifies the
ac component of one channel of the lock-in output
and lowpass filters it to give an average value.
When this is multiplied by /«/2, the output-
referred noise, S, is obtained.’

A major drawback of the analog method is slow
measurement time due to the time constants of
the coupling and filtering circuits, and to the
restriction to narrow bandwidths (long time con-
stants) relative to the reference frequency. Fur-
ther limitations include: restricted range of oper-
ating frequencies, small dynamic range for S/N
ratio, low accuracy, cumbersome control setup,
and difficulty in reading a wavering analog
meter.

Digital techniques can overcome all of these
problems if correctly implemented. Some com-
mercially available LIAs have simply used digi-
tal techniques to emulate the analog circuitry,
making measurements more convenient but leav-
ing the problems of speed, accuracy, and flexibili-
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FIGURE 1. Analog noise measurement technigue.
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BASIC PRINCIPLES IN NOISE MEASUREMENTS

Basic principles involved in B :
noise measurements, using a D : L
highly simplified LIA block dia- 7 Gy %
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ac fluctuations, This allows a
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ed to overcome these diffi- ;
culties, Including front end high FIGURE 2. A modern dual-channel heterodyning LIA.

Q filters, linearly multiplying phase-sensftive de-
tectors, signal heterodyning to an intermediate 4
frequency and dual-phase sensitive defectors.
ITHACO LIAs employ the heterodyning, dual-phase v 3
concept (see Fig. 2) to provide the convenience
of phase insensitive measurements and the abllity 2

tfo track a changing reference frequency without S e
the compromises of inadeguate dynamic reserve, '
poor accuracy, residual harmonic responses
and Increased self-noise encountered with the
other modifications.

Since the two phase-sensitive detectors are
operated in quadrature, they resolve the signal pared to the bandwidth restriction of the post-
into its X and Y components, These components detector dc filtering, and thus a negligible effect
can be combined either by analog means (vector on nolse measurement accuracy. LIAs that use
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FIGURE 3. Relafionship between dual-channel lock-
in outputs, signal, and phase.

summer as shown) or by calculation from the high @ bandpass filters instead of heterodyning
digitized channel outputs (see Fig. 3). to deal with harmonic rejection will have noise
The dual-phase LIA also can double noise measurement errors due both to computational

measurement speed, This s because the noise in errors in trying to compensate for the variable
the two channels is uncorrelated and unrelated effect of the front end passband on noise
fo the channel signal level, allowing results from bandwidth and to misalignment of its center

the two channels to be combined. frequency with the reference. Furthermore, nar-

Heterodyning LIAs employ relatively low @ rowband filters generate noise, raising the noise
filtering in the ac signal conditioning circultry. This floor of the system and masking weak noise
results in a relatively wideband front end, com- measurements.
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ty unsolved. On the other hand, the correct
digital technique can overcome all of the
shortcomings.

The proper digital method begins with the
observation that the standard deviation of the
LIA output fluctuation is mathematically identi-
cal to its rms noise. Thus we may sample the LIA
output to obtain an estimate of the rto noise (S) in
volts rms. (We shall use the convention of under-
lining variable symbols to distinguish actual
from measured quantities.)

'3 N kR
8= 2 VX - x]* (rto noise) (2)
j=1
X . g (rt i D (3
e x; (rto mean signa )
A ST e ] gn

The reproducibility of our estimates for S and
X depends on the number of samples taken (N).
By taking a sufficiently large number of samples
the accuracy of our estimate can be made as high
as we wish. For noise, the error band that sur-
rounds a measurement can be readily calculated
as follows (see ref. 8), assuming the samples are
spaced far enough apart in time relative to the
bandwidth to prevent autocorrelation (statistical
oversampling):

1
O = i'.'lm § N = 30 (4)

We define o as the fractional standard devi-
ation that we would observe in a series of deter-
minations of S (or e,), each of length N. If we
chose N = 450 for example, we can be 68%
confident that a given measurement lies within
+3.3% (+o, of the actual noise, and 99.7%
confident that it lies within =10% (+30,). Fig-
ure 2 is derived from Eq. 4 to assist in choosing N
to yield acceptable accuracy.

Similarly the signal reproducibility o, for the
average of N samples (for the estimated signal, X
or e,), assuming no oversampling, is given by:
VBIN vB/IN
e, le, S/N ratio (5)

Thus, once we measure e, and e,, we may
predict how much we can trust a given signal
measurement, whether it be a single sample or

the average of N samples, under the actual
measurement conditions in use.

Tyt=

Noise measurement speed
It has been determined empirically that oversam-
pling will not occur if the sampling rate r,,
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FIGURE 2. Number of samples required fo achieve a
desired degree of nolse measurement reproducibility at
several confidence levels.

satisfies the inequality:
=228 (6)

Sampling faster than the 2,2 B rate will lead
to greater reproducibility errors than predicted
by Eq. 4 or 5 or Fig. 2, in proportion to the degree
to which the limit is exceeded. Usually there is no
harm in oversampling, provided that the error
predictions are compensated. In some special
circumstances oversampling is desirable in order
to provide somewhat faster noise measurements.

Eq. 6 applies best to the situation wherein a
fast (wideband) A/D converter samples the LIA
output. Actually, the ITHACO integrating A/D
converter (see sidebar “Sampling the LIA Out-
put”) averages each sample over an interval ¢,
with samples being taken back-to-back. This pro-
cess has an associated equivalent noise band-
width, 1/(2 t,). As it turns out, under most real
world measurement circumstances the best re-
sults are obtained by allowing this bandwidth to
be narrower than the lock-in bandwidth, 1/(8 7).

If this is done (by making ¢, at least five times
larger than 7), oversampling cannot occur.’ With
the integrator thus dominant, the measurement
time, t,,, simply equals N¢, and our reproducibili-
ty predictions will always be valid. Figure 3
allows one to determine measurement time, giv-
en the number of samples and the A/D converter
sampling time or noise bandwidth.

Making digital measurements
Several applications observations can be made
concerning the use of the dual-channel integra-
tor/coupler as interface between analog LIA and
host computer.

In cases where neither the LIA nor the coupler
dominates, the system equivalent noise band-
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SAMPLING THE LIA OUTPUT USING A V/F ADC

The ITHACO Mode| 385EO Integrator/Coupler
uses a voltage-to-frequency integrator to sample
the lock-in output. This microprocessor-based
computer peripheral device performs A/D conver-
sion, makes baseline corrections and calculates
vector sum, phase angle, sum, difference, and
ratio information from the raw data. It communi-
cates with the host via the GPIB (or an RS-232 por,
Model 386EQ), Its firmware also will accumulate
noise (S) and averaged signal (X) data for

both channels for a specified number of samples
(up to 999,999) when tfriggered by the host. For
upgrading the capability of existing equipment,
the 385EQ/386EQ Integrator/Coupler can be

teamed with practically any make or model of LIA
with excellent resulfs.

The use of an integrating sampling technique
involves no performance compromises, and con-
fers some unigue advantages for noise measure-
ment over the conventional sample-and-hold/fast
A/D conversion method employed by other
manufacturers, Since the length of the sampling
period, 1, Is programmable, it may be increased
to Improve the resolution of the digitization pro-
cess when necessary. The resolution equals fy/
10°, For example, when frying to measure a very
small amount of nolse superimposed on a
relatively large signal (for example, S/IN ratio = 80
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FIGURE 1.

Lock-in amplifier sampled by integrating A/D converter.




TYPICAL RESPONSIVITY—AMPERES/WATT

100

7

7 4 —\-caosms_

C30902E

C30921E

10

-.-_..-ll"

g’

2

1

Noise CurrentA/H, 1/2

10-12

AMBIENT TEMPERATURE (T, -22°C

N DARK

===WITH 6pW AVERAGE
OPTICAL POWER

500

600 700 800 900
WAVELENGTH—NAMOMETERS

1000

Typical Spectral Responsivity at 22° C

1100

10 2 4 6 BI10? 2

—Typical Noise Current vs Gain

4




I e e e ——
INSTRUMENTATION

50 msecidiv
1 vidiv

FIGURE 2. LIA output waveforms with DFl only, noise
only, and both present. The rto interference due to DFI
measured for @ was 25 nV//Hz, which when vectori%w
added tfo the actual e, measured for b (89.3 nV//Hz)
leads to an estimated error of +3.8% (92.6 nV//Hz).
The value actually measured for ¢ was 92.3 Hz. 14400
samples were taken over 8 minutes for each measure-
ment to achieve a reproducibliity of ¢ = +0.5%. The
averaging of the interference is for a fypical non-ideal
condition, f, = 1.25 (1/Af) to span 1% cycles of the beat
frequency. The LIA being used (THACO Model 399)
would require a 0.125 second (1Hz NBW) time constant
to obtain this level of DFI suppression if a wideband
ADC had been used Instead of an Integrating type. This
would require a measurement time 7.65 times longer
to achieve the same noise measurement reproducibility,
due to the bandwidth restrictions on sampling rate.

Conditions: LIA time constant + = 125 ms (10 Hz) NBW
385 Integ. time, 7, = 33.3 ms (15 Hz) NBW

DFl = 62 pV rms (@ 600 Hz

LIA reference = 635 Hz_

Nolse, es = 89.3 nV//Hz

LIA gain, G = 10 Vac/ 10 pV rms =
LIA + Integrator Eq. NBW, B = 7.656

100
(573

dB) we can push the resolution above 15 bits to
overcome the masking effect of quantization
noise and allow accurate measurements.

The ability to select the length of time for
sampling yields a second advantage in that it
provides an additional and adjustable amount
of signal filtering beyond what the LIA provides.
When discrete frequency interference (DFI) Is
present in the input, such as harmonics of 60 Hz in
low level work, this can lead to a dramatic
increase in noise measurement speed. DFl close
enough to the reference frequency to produce
a difference frequency within the passband of the

LIA can mask the nolse. This necessitates increas-
ing the time constant to reduce the lock-in
bandwidth and exclude the interference, with
consequent slow measurement times. But the use
of a sampling period set long enough fo span
several cycles the beat frequency will average out
the DFI fluctuations, allowing up to an order of
magnitude reduction In = for the same accuracy,
with a proportional increase in speed. The beat
frequency, as seen on an oscilloscope, (see
sidebar Fig. 2) can be larger than the noise
amplitude without ill effect.
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width B becomes a somewhat complicated func-
tion of ¢, and 7. The host computer can readily
calculate its value. (See Ref. 1 and 2).

When using the coupler to simultaneously mea-
sure signal and noise, the effective equivalent noise
bandwidth for the average signal, X, usually turns
out to be very nearly equal to 1/(2 Nt,). Thus (from
Eq. 5) the signal reproducibility is:

142N,

%= elen @
When using a dual channel LIA, the host may
compute the vector sum signal from the quadra-
ture components. The noise may be obtained from
either quadrature channel, independent of phas-
ing. (Note that obtaining noise by sampling the
vector sum is mathematically invalid). To double
the measurement speed, the host can combine the

channel X and Y noise data using:

en = V[ (x) + €& (1]/2 (8)

During a longer noise measurement, signal
level drift, such as that caused by changing
illumination levels, can cause severe errors if the
noise is small. To combat this, the measurement
should be subdivided into M short segments of N
samples a piece. The host then should perform an
rms combination of the multiple measurement
runs to obtain noise to the desired level of
accuracy.

To get the fastest spot noise determination, the
system bandwidth should be set as wide as possi-
ble, consistent with DFI, reference frequency,

and the spectral noise density profile of the input.
If the LIA can be operated at its fastest time
constant (for example, 1.25 ms), and the coupler
at its shortest sampling time (1/60 s), =10%
reproducibility @ +3 o (99.7% confidence level)
can be achieved in less than four seconds, for
example, as can be determined from Fig. 2 and 3.

Noise measurement of IR detectors
Manufacturers of photoconductive infrared detec-
tors must screen their product for acceptable
noise performance when operating under illumi-
nation. Typically the miniscule amount of noise
present compared to the signal output will make
it difficult to get acceptable accuracy while
achieving an adequate test throughput. The use
of digital noise measurement will solve this po-
tentially major bottleneck.

A representative test configuration is shown in
Fig. 4. The blackbody temperature is set to
radiate IR energy in the desired region of the
spectrum. The adjustable aperture controls the
strength of the beam to suit the detector under
test. The illumination should not be so high as to
make noise measurements impractical. A rotat-
ing chopper blade modulates the beam at the
frequency of interest and also provides a synchro-
nous reference signal to the LIA. This frequency
is chosen to be as distant as possible from poten-
tial or known interfering frequencies. For exam-
ple, 750 Hz lies midway between the 12th and
13th harmonics of the power line frequency (Af =
30 Hz).

Let us assume the sensitivity of the detectors

132 LASER FOCUS/ELECTRO-OPTICS

SEPTEMBER 1985



‘DIGITAL NOISE TESTING

INSTRUMENTATION

FIGURE 4. Simplified detector noise measurement setup.,
will yield an output of between 1 and 3 mV and
that a noise density of 1pV//Hz must be measur-
able to +10% at 99.7 (3 o) confidence level. We
further assume that the use of a high-quality

chopper introduces less than 100 nV/ noise

due to phase jitter arising from motor speed
instability (that is, it will cause less than +0.5%
error when vectorially added to 1.V//Hz). Let us
keep the quantization noise small enough to
cause no more than a +3.5% error when vectori-
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ally added to the nominal noise level. As is shown
in reference 1, choosing ¢, = '/, second will yield
a small enough A/D converter step size relative to
the output fluctuations of the measurement sys-
tem to accomplish this. If we scale our noise
measurement down 2%, we can safely predict a
+2% contribution to our error budget due to
quantization and phase jitter effects, leaving
+ 8% for sampling effects. From Fig. 2, we discov-
er that we must take 400 samples operating dual
channel to get =8% at 3 o. Since ¢, = 1/30
second, Fig. 3 tells us that the measurement will
require 12 seconds to complete.

If we were to reduce the aperture size, we could
reduce the S/N ratio, allowing a much faster
measurement (less than four seconds). This
works because the problem is the reverse of the
usual problems faced by LIAs: here we are trying
to find the noise buried in the signal! Increasing
the illumination would make matters worse,
slowing acquisition time and forcing phased oper-
ation on a single lock-in channel to get around
chopper phase noise interference.

Measuring fiberoptic attenuation
Here we find the opposite extreme, trying to
measure a faint signal all but obliterated by
detector noise. The problem is to measure the
detector noise in order to predict how long it will
take to obtain the desired measurement accuracy,
given the signal output level of the detector. The
light losses in the monochromator, in coupling
the beam into the tiny core of single-mode fiber,
in the kilometers-long spool of fiber, and in the
output coupling to the detector represent a very
large signal loss. On top of this, the wavelength
being transmitted is not necessarily in the “sweet
spot” of the fiber transmission window.
Measurement of noise also is useful for know-
ing the effectiveness of baseline correction, to
determine if the LIA signal input or gain change
transients have settled (output transients will be
detected as excessive noise), and to discover de-
graded detector noise performance at end of life.'®
Using the current-input preamplifier shown,
the combined input-referred Johnson noise due to
Z,and Ry is: / 4k<(1/R; + 1/Z,) = 0.182 pA/ /Hz,
which will cause great measurement uncertainty
due to output fluctuations when the signal drops
into the sub-picoampere region. By letting the
coupler integrate over a long enough period, we
can obtain the degree of signal smoothing neces-
sary to bring this error within bounds. In prac-
tice, ITHACO's Model 385 subdivides this mea-
surement period into N intervals in the course of
a simultaneous signal and noise measurement
per Eq. 2 and Eq. 3. In this case, the signal
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FIGURE 5. Simplified setup for measuring loss in a single-mode optical fiber. Aftenuation is measured by taking the
ratio of the signal passing through the entire spool to that measured when the leading end is broken off and

connected directly to the detector.
reproducibility is given by Eq. 6, which can be
rewritten as follows to obtain the signal measure-
ment time:

1
2(e/e,)*(0,)?, seconds

tn = Nt, = (9)

Given the desired signal reproducibility o, and
the measured values of e, and e, we can know
exactly how long it will take to get our answer.
For example, suppose the signal rms amplitude
falls to a level equal to the input noise density,
0.182 pA// Hz, and we want o, = 0.05 for +15%
accuracy at +30. Then ¢ = 1/2 (0.05% = 200
seconds. The only way to improve on this is to
increase the signal, reduce the noise, or accept
less accuracy in the signal measurement. A ten-
fold increase in signal would drop the measure-
ment time to 2 seconds, for example.

For this type of testing, the noise remains
constant from test to test and spool to spool but
the signal varies widely. This suggests that an
adaptive routine could be programmed into the
host for go/no-go test limit, wherein additional
runs can be averaged in with the initial run, if
necessary, effectively lengthening ¢, until o, is
reduced to the point that you can be sure that e, is
in or out of bounds. This would save time in
verification of very good product, which would
require only one run of N samples. It reserves
extra time automatically only for cases of product
near the edge of acceptability, which might re-
quire multiple runs each of length N to get the
requisite confidence for a pass/fail decision. The
payoff is in faster throughput.

Flexible technique

The use of standard deviation computations in
conjunction with a heterodyning, dual phase
lock-in, and an integrating A/D converter yields
noise measurement performance that far out-
strips previously available analog or digital
methods. The unique features allow formerly
impossible measurements to be made with confi-
dence and ease. More common measurements can
be made much faster and more accurately. The
flexibility of the technique lends itself to a wide
range of measurement problems over the full
range of frequencies, signals, and noise levels
found in LIA applications. The user tailors the
system to his needs using easily written host
computer programs.
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