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DL INSTRUMENTS,
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233 Cecil A. Malone Drive, Ithaca, New York 14850 Phone 607-277-8498; Fax 607-277-8499
DEFINITION OF SYMBOLS
H = irradiance, w/cm?2, Iy = sampling rate, Hz
(sinusoidal fundamental): . A . .
t = sampling interval of integrating A-to-D
A = area of detector, cm? converter, sec
P = radiant power falling on detector, w tm = ;otal measurement time for N samples,
ec
f = modulation frequency, Hz,
(chopping rate) Oy = reproducibility of signal measurement
fractional iat
Af = equivalent noise bandwidth of T s
measurement system, Hz
Af' = ENBW for th f N signal (o = reproducibility of noise measurement
soplec Bz o (fractional standard deviation, 68%
confidence level)
V, = signal output of detector, V rms, (rti)
(denoted as eg in other ITHACO ops = reproducibility of D* or NEP
literature) measurement
E = signal output of system, V dc, (rt0) no = referred-to-output of LIA
|
» = detector noise within electrical bandwidth (casIerRERt sysiem output voltege)
Af, V rms, (rti) i = referred-to-input of LIA
ctual detect 1
= ?ectral ise density of detector at f, “ dosector volinge)
rms/VHz, (rti)
E, = outputfluctuation superimposed on Es, MATHEMATICAL RELATIONSHIPS
V rms (rto noise)
G = LIA gain, full scale output/full scale Eq. 1 P=HA
input ' —
Eq. 2V, =e, VAf=R NEP VAf
g 3 = LIA time constant, sec
2A e, =RNEP
SNDR = Signal to spectral noise density ratio,
Hz (alternatively expressed in Eq. 3 R=Vg/P
dB =20 log;( ratio)
Eq. 4 SNDR=V;/e, =V VAf/V, =P/NEP
R = responsivity of detector, V rms/w 4A Xs_ R
NEP = n(ﬁiuquivalcnt power of detector, ©n NEP
w/NHz N_
EQ-S NEP=P(VnNs)(1 Af)
D* = detectivity of detector material, cm VHz/w Eq 6 D*=vA/NEP
N = number of digitized samples taken to
measure Eg and Ey
QIl = quamization step size of ADC 1. See reference ¥1, pg 325, for determination of H under chopper modulation.

Typically will be enly 40% of the unmodulated optical power. ’
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Eq. 7 15 =1/

Eq. 8 1t =Nt

Eq. 9 oy =E,/Es = V,/V; =NEPVAf /P

Eq. 10 o, ~V1I/(2N), forry <2 Af (Nyquist limit)

Eq.10A o, ~ V1/(N), for two phase LIA if both

channels are sampled

Eq.11' ope =Vo2+0.2

Eq.12 E; =GV,

Eq.13 E, =e¢, GVAf

Eq. 14  Af ~1/(2t,),forty >10T

Eq. 15 Af'~1/Q2ty), forty, >10 T

Eq. 16 Eﬁc: 1001 V/t, for Model 385 integrating
. INTRODUCTION

This artcle explains how to make either simul-
taneous or separate signal and noise measurements
on an IR detector operating under chopper-
modulated illumination. By this means a noise
equivalent power (NEP) figure of merit can be
obtained for the detector under test. This useful
and accepted specification indicates approximately the
lower limit at which signal can be distinguished from
random noise generated in the detector by specifying
the level of illumination at which the rms electrical
signal output (sinusoidial fundamental thereof) equals
the rms electrical spectral noise density at  the
modulation frequency. Since for most detectors, the
noise is proportional to the square root of the
sensing area, a corollary figure of merit which
expresses the detectivity of the photosensitive material
can be written if the detector area is known.2 Called
D* (pronounced "dee-star"), this intrinsic property of
the material equals YVA/NEP and is independent of
detector size.

In measuring NEP and D¥, the electrical frequency .

(e.g., chopping rate) and source spectrum (e.g.,
blackbody temperature or monochromator wave-
length) must be specified to conform to certain
standardized conditions given in the literature. A
typical such test, denoted D* (500° K, 900) for
example, calls for a 500° K blackbody IR source and
a 900 Hz chopping frequency. Sometimes a numeral

“1" is included wathin the parentheses, for example,
D* (500° K, 900, 1) to indicate 1 Hz bandwidth, but

this is redundant since regardless of the actual
bandwidth in effect during the determination of NEP
and D*, the results should be normalized to 1 Hz. 3 In
the interests of speed and accuracy, the measure-
ments are conducted with the signal level
considerably above the detector noise floor. The
results are then linearly extrapolated to the threshold
gqu(IlJctcction acccording to the defining equation for
4

" The topic of measurement bandwidth Af often leads

to confusion and merits additional discussion. To
begin with, Af refers to the equivalent noise
bandwidth of the system and nor its 3 dB frequency
response comner(s). In actual practice it is usually
chosen to be wider than 1 Hz for two reasons. First,
commonly used wave analyzers available to pioneer-
ing workers a quarter century ago for noise measure-
ments typically had fixed bandwidths (e.g., 5 Hz)
tunable over a wide center frequency range. s Second,
in order to achieve a given standard deviation for
fluctuations of the reading (i.e., measurement repro-
ducibility), the measurement speed in any
narrowband system will be directly proportional to
bandwidth. Using Af = § Hz for example, would be
5 times faster than using Af = 1 Hz. Since the noise
density spectrum of an IR detector exhibits a gradual
slope, the ratio of bandwidth to modulation fre-
quency Af/f can be made relatively wide (e.g., 10%
or 20%) with excellent accuracy.s The "extra" noise
on one side of the frequency of interest balances the
"deficiency" on the other. The point is this: one is not
constrained to a 1 Hz bandwidth, but rather can
tailor Af to any value one wishes when character-
izing detectors, consistent with considerations of
prevailing discrete frequency interference (e.g., line
power harmonics), noise  density profile and
Instrumentation limitations. For more details on noise
bandwidth and the effects of noise, see reference #1,
Sections 8.2 and 8.3.

Classical detector characterization methods involve
taking two separate measurements; noise being
obtained under quiescent conditions (e.g., dark
detector) and signal being obtained under modulated
illumination. This is done because conventional
laboratory instrumentation using wave analyzers
cannot make both measurements simultaneously. The
procedure is inconvenient and subject to calibration
and drift error. Drift of chopper speed relative to
passband center frequency, in particular, has been a
perennial source of trouble in measuring signal
strength V. 7

2. Reference #1, pg. 269

3. Reference #1, pg. 270

4. Reference #2, pg. 270

5. Reference #1, pg. 339; Reference #3, pg. 312, 313; Reference #4, pg. 11-59
6. Reference #2, pg. 270; Reference #3, pg. 303, 304

7. Reference #1, pg. 327
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USE OF LOCK-IN AMPLIFIERS TO
CHARACTERIZE DETECTORS

The Lock-In Amplifier (LIA) gives the user a choice
of making signal and noise measurements either
simultaneously or separately. A lock-in amplifier can
measure spot noise (noise density at a  given
frequency) because it works on a narrowbanding

principle. The noise in the band near the reference -

(modulation) frequency rPasse:s to the output where
it appears as random fluctuations superimposed on
the dc (signal) output. This effect is independent of
signal and therefore is valid even under dark or
unmodulated illumination conditions, provided the
lock-in has . an internally or extemally supplied
reference signal to set the measurement center
frequency. Noise can be measured by including a
rms meter in the output circuitry of the LIA, such as
the analog Noise Option 01 available for ITHACO
uipment. However much higher performance
which is much better suited for detector
characterization can be obtained using digital rms
measurement techniques as described below.

The use of a dual-channel, heterodyning LIA with
digital sampling capability such as the ITHACO
D%’NATRAC@ Model 3990 improves on the
historical methods in several respects:

1. The heterodyning concept allows the system pass-
band to precisely track fluctuations in modulation
frequency due to chopper motor speed instability.
Some truly awful chogge'ﬁs are in use, often built
into blackbodies. A ATRAC® instrument
will obtain correct data from such a chopper.

2. Digital noise measurement works over the full
dynamic range and frequency range of the LIA.
A single instrument, the ITHACO Model 3990
system consisting of a Model 399 Lock-In
Amplifier and a Model 385EQ Integrator/Coupler
for GPIB data transfer, will measure signal and
noise at cmping rates from below 1 Hz to
above 100 and will handle SNDR from 1
to 10,000 (80 dB range).

3. System bandwidth Af is precisely known and
easily changed over the range 25 Hz to 0.001 Hz.

4. Computer interfacing allows convenient auto-
mated data collection as well as control over the
critical tharamctcrs of LIA sensitivity and system
bandwidth.

5. Reproducibility of signal and noise measure-
ment is calculable and controllable. There is no
guessing involved as to the accuracy of results.
The user may trade time for accuracy at will.

6. Signal and noise follow exactly the same electrical
path. There exists no calibration uncertaintly due a

7. Results are obtained very

multiplicity of instruments sharing in the measure-
ments. Signal and noise measurement errors as
well as detector drift are cancelled ratiometrically
for D* and NEP.

rapidly due to
simultaneous measurement of signal and noise.
Furthermore, a dual-channel LIA can acquire a
noise measurement twice as fast as a single
channel instrument. This is because the noise in
each channel (ASIN@ and ACOS@) is un-
correlated and therefore both channels can be
sampled simultaneously to double the sampling
rate.

8. The LIA responds only to the sinewave
fundamental of the detector ouptut signal.
Waveshaping and prefiltering would be redun-
dant. The LIA is also highly efficient at
eliminating high levels of common mode and
differential mode interference.

9. A dual-channel LIA can serve as a spectrum

analyzer for analysis of interfering frequencies
which are not necessarily coherent with the
reference input. Sweeping the reference fre-
quency will allow the accurate measurement of
troublesome line frequency harmonics near the
modulation frequency, for example. *

10. Very high input sensitvity will allow direct
connection to the detector in many cases. In
Model 391A, 393 and 399 DYNATRAC®
instruments, this is facilitated by having a fully
floating, quasi-differential front end operating
from an isolated power supply, which incorpor-
ates a driven transformer shield. When a preamp
is required for impedance matching or driving
long cables, ITHACO has available a series of
compatible models. These can operate from the
isolated power supply to prevent ground loop and
isolation woes.

11. Since the microprocessor-based 385 ADC resides
in a completely separate chassis and employs
optical isolation of its analog and digital
circuitry, digital switching noise cannot find its
way into the sensitive LIA electronics

Thus a relatively comi:act and reasonably priced
instrument, the Model 3990 LIA, combines the
functions of high gain amplifier, wave analyzer, rms
meter and computer interface in a single package. It
affords the power, convenience and flexibility needed
for superior characterization of detectors, not only
for NEP and D* but also for responsivity, spectral
;cls:{:h.onsc. frequency response, noise spectra, and so
o

8. Reference #5, Section 3.522 3



DIGITAL LIA MEASUREMENT TECHNIQUES

Digital measuring methods involve repeatedly
sampling the LIA dc output. The average of the N
samples, E , represents the referred-to-output (rto)
signal of the LIA. The standard deviation of the
samples represents the rms rto noise, E, , for the

width of the system. The system equivalent noise
bandwidth Af depends on both the LIA Time Constant
T and the %ﬁng time t, of the digitizer that
operates on the output. CO DYNATRAC
instruments employ an integrating type of D-to-A
conversion, and thus t, can have a significant effect
on the overall Af. The sampling time can be
increased as needed in increments of 1/60 of a
second. This can be very important in the process of
filtering non-random interference 2 or to provide finer
resolution of noise when SNDR is on the order of
60 dB or larger (up to a practical limit of about
1 in 216 quantzation error).

The gain of the system G equals (LIA full scale dc
volts out) divided by (LIA full scale rms input
sensidvity): Af can be readily calculated by a
computer.**- Thus the raw rto data can be scaled to
LIA referred-to-input (rti) values for signal and
noiseas given by Eq. 12 and 13. can be
estimated using eq. 14 (will hold to very good
accuracy for t, >40T).

The wider we can make Af, the faster we can
accumulate N samples without statistical over-
sampling due to exceeding the Nyquist rate.
Sampling too rapidly relative to the Time
Constant T would lead to a less accurate noise
measurement than predicted by Eq. 10 or Eq. 10A,
due to autocorrelation. (Empirical tests show that over-
sampling by a factor of V2 times the Nyquist rate -
Le. 1s = 2V2 Af - can be tolerated before auto-
correlation effects begin to effect reproducibility).

The user must determine the values of N, t, and T
which will yield the best compromise for the
speed/accuracy tradeoff. Typically one would want
to set the ADC sampling interval to dominate the
system bandwidth Af by having t, 2 10T. This can
be done if good shielding and grounding practice has
been employed to minimize discrete frequency inter-
ference, allowing the LIA to operate with a small
time constant. With the ADC thus dominant, the
sampling rate inherently equals the Nyquist rate and
one obtains the theoretical maximum speed of noise
measurement. The speed of noise measurement in
most cases will determine the speed with which a
detector figure of merit can be obtained.

To achieve the fastest D* or NEP determination when
simultaneously measuring signal and noise, one must
select an illumination level large enough so that the
signal reproducibility is on the order of ten times
better that of the noise. This will occur at a signal

. from secondary

level V, approximately 40 dB above the noise floor e,
(c.8, SNDR = P/NEP = 100). This is also in
accordance with standard practice by workers in the
IR field when measuring signal and noise separately.
Justification for this is that a detector typically
exhibits good linearity up to at least 60 dB above the
NEP level. 1 Furthermore this level of SNDR (40
dB) lends itself readily to simultaneous signal and
noise measurement by a 3990 system with freedom
noise error sources which get
progressively more troublesome at the higher SNDR
levels, such ADC quantization noise, chopper speed
instability and light source level fluctuations. The
nominal 40 dB SNDR figure leaves a range of £ 10
dB over which individual devices can vary without
sacrificing accuracy or speed. For SNDR at the 20
or 60 dB level, simultaneous measurements are still
relatively convenient and fast, although speed and
accuracy tend to suffer moderately. Pushing SNDR
to extremes (e.g., 0 dB or 80 dB) can be done if
one is careful, however the technique is more
suitable for the research lab than for reliable
production testing of devices.

9. Reference #6, Figure 2 and related text

10. Reference #5, Appendix A
11. Reference #1, pg. 268, 359
\

A REPRESENTATIVE DETECTOR TEST

Figure 1 depicts a test setup for characterization of
a photoconductive detector. Assume the detector has
the following typical characteristics:

R =3x10° vww
A = 0.1cmx0.1 cm=0.01 cm?
D* = 1010 cm VHz/watt (blackbody)

Then from Eq. 6 & 2

NEP = YA/D* = 10 pw/NHz
e, = RNEP =3 pVAHz

For greatest measurement speed and accuracy we
want SNDR = Vtﬁ/e% to equal 100 (40 dB).
Therefore we size the blackbody aperture and distance
from the detector plane to deliver Vg =100 x e, =
300 pV signal to the LIA. -

P = V4 /R =1 nw of radiant power

To allow adequate headroom for signal level
variations we set the LIA for a 1 mV full scale
sensitivity (G = 10V/1mV = 10%). From Eq. 12 and
13, the output signal and noise of the 3990 system
will be given by: ,

Es= V{G=3Vdc
E =e¢, GVAf=30mV rms VAf 4



10 SLOT 0

Figure 1

The relatively high level of noise will allow us to
sample both channels for noise and to run the LIA
system bandwidth "wide open" using the fastest

possible Time Constant, = 125 msec) and
shortest possible ADC sampling interval (52 = 16.67
msec). Under these conditions, Af equals 26 Hz as
viewed at the GPIB data output of the Model 3990
system and therefore:

E, =30 mV V26 = 153 mV rms
E, (p-p) =6 E; =918 mV, peak to peak

The ex quantization Q, for t, = 16.67 msec

from Eq. 15is.l mV/t, =6 mV p-p, and will have

an inconsequential effect on the noise measurement.

Lets assume we choose to take 600 samples to

}rln;easurc D*. Then from Eq. 8, 9, 10A and 15 we.
ve:

tm =Nt, =10 seconds
O =V1/(4N) x 100% =+2.04%

Oy = (~Jl/2Nt0 /SNDR) x 100% = 10.224

BLADE — P> REF, {
MODEL 220 Vg = 100V de .
CHOPPER
MODEL 399 LOCK-IN AMPLIFIER
h 750 Hz :‘: YELLOW CARDSET 1 K-10kHz RANGE
500K = 7>
BLACKBODY A L i A.L/‘
- a Ry FLOATING MODEL
1M INPUT 3990
SYSTEM
L ACOSQ * ASING
/77777 A B
LIA OUTPUT VOLTS MODEL 385E0-3
INTEGRATOR/COUPLER (ADC)
VN 518 FIRMWARE
- =N
—_~— GPIB
1 SAMPLE
— 4—|t, =~ oo e +
 #
s
N HOST COMPUTER
[ A L . HP-85 WITH
385 EO INTEGRATING ADC SAMPLING "D* HP-D" PROGRAM

D* MEASUREMENT SETUP USING MODEL 3990 LOCK-IN AMPLIFIER

We assert that the composite uncertainty of D* is
mathematically analogous to cascading two noisy
amplifier stages. The reproducibility of the ratio of
Vn/Vs used to calculate D* is therefore the rms sum
of the noise and signal reproducibilities o, and oy
(Eq. 11). This means that under the conditions

given above (SNDR=P/NEP=100) we can make D*
measurement with an uncertainty of op« = 2.05% at
the 0.68 confidence level in just 10 seconds (£6.16%
at the 30, 0.997 confidence level).

If we were to decrease the illumination to 0.1 nw
fora SNDR = P/NEP = 10 (e.g., 20 dB) we would
find that it would take 22 seconds to get a comparable
reproducibility (o, = 1.38%, oy = 1.50%, ops =
2.03%). On the other hand,were we to increase the
illumination to 10 nw (60 dB SNDR) and kept t, =
10 seconds, we would find virtually no improve-
ment in D* reproducibility (o, = 2.04%, o, =
0.022%, op+ = 2.04%).

The HP-85 host com%ncr program called "D*
HP-D" measures e, and Vg . It reports the exact
bandwidth Af and the exact reproducibility values
of oy, '0p, and ops _ Given Pand A, it then

calculates NEP and D*, 5



Figure 2 depicts approximate D* reproducibility as a
function of the number of samples, N. This-relation-
ship holds nearly exactly for the usual measurement
conditions of SNDR 230 andt, 2 10 T. It is
assumed that both LIA channels are sampled and
that the LIA rolloff is 12 dB/octave. Under these
conditions Ops ~ O, ~ V1/(4N), as charted in the

figure.
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APPLICATIONS COMMENTS'
1. Amplifier Noise

For high impedance sources the detector noise
will overwhelm the LIA referred-to-input self
noise. The noise adds vectorially so thateven a
10:1 detector to LIA noise ratio would result in
only a 1/2% error. Models 391A, 393 and 399
have very low current noise as well as very low
voltage noise, which is important in the direct
connection to higher impedance detectors. For
low impedance sources a matching preamp
(Model 166) may be needed.

2. High Frequency Rolloff

For high impedance sources, stray capacitance in
the input circuit on the order of 75 pF will cause
an attenuation in signal and noise given by:

1
Rolloff Factor = /j—
1+(2nfRC)2

R = Source impedance = Rp Ry /(Rp +R )

C = LIA input + detector + cable capacitance

(40pF)  (10pF)  (25p

For the given example (Figure 1), this rolloff
factor would be 0.985 at 750 Hz and 0.647 at
5 kHz for both e, and Vg The NEP and D*
measurement, however, remains mains valid
even far above the corner frc\r}ucncy of the input
circuit since the ratio of e, to Vy is unaffected.

3. Current Amplifiers

Although  we've restricted our discussion to
voltage measurements, the discussion applies
ually well to current output devices such as
silicon photovoltaic detectors. These devices .
often require the insertion of current preamplifier
in the signal path. Its transimpedance Ry defines
its current to voltage scaling. To get a referred-
to-input signal or noise current measurement, the
LIA rti voltage readings must be scaled as follows:

I = Vg /Re
ihp =en/Rg
g 4— Re

___}

FIGURE 3 CURRENT PREAMPLIFIERS WITH
PHOTOVOLTAIC CELL

A

The measured value of i, will contain significant
contributions due to the thermal noise of Ry and
due to preamplifier input current and voltage
noise. Calculation will be needed to determine the
actual noise generated by the detector. See
reference #7 for details.




4. Chopper Quality

Motor short term speed fluctuation can cause
significant error when measuring signal and
noise simultaneously. The motor jitter will show
up as random phase noise which could mask the
actual detector noise. This effect would be non-
existent if no signal is present (e.g. dark noise and

signal are measured separately). Blade jitter due
to a edge irregularity, on the other hand,
will have negligible effect upon D* measurements.

The ITHACO Model 220 Chopper is an excellent
choice, as the motor speed excursions are small
enough and slow enough to be tracked without
error by a DYNATRAC ® Lock-In Amplifier.
The Model 230 Chopper is less suitable because
its smaller diameter blade performs a less
effective flywheel function.

Reference #5, Secton 5.2, describes the
results of realistically simulating signal and noise
measurement in a cho optical system using
a Model 3990 LIA and a Model 220 Chopper.It
presents the experimental determination of motor
jitter effects, as well as ultimate limits of
operation. Note that as SNDR increases beyond

dB, the chopper phase noise will eventually
force us to phase the LIA and obtain data
from a single channel, doubling D* measurement
time. In high SNDR situations, the use of two
identical blades on the Chopper to increase the
inertia will be helpful, as it reduces both the
amplitude and the frequency of the motor speed
fluctuations. !

. LIA Reference Tracking Speed

For simultaneous signal and noise measurement,
the phase locked loop (PLL) in the LIA reference
circuit must be able to track a fluctuating refer-
ence frequency. The faster the better, since this
greatly increases the SNDR range over which the
LIA can be operated dual channel. By using
an ITHACO LIA which employs plug-in cardsets,
such as the Model 391A, 393 or 399, the speed
of tracking can be optimized for the modulation
frequency employe affording a dramatic
improvement in dynamic tracking accuracy. One
should always use the highest possible reference
frequency range of the lock-in amplifier. For
example, under the condition described in Section
5.2 of reference #5, better results were obtained by
replacing the ORANGE cardset with the higher
frequency YELLOW cardset and operating in the
nominal 1 kHz - 10 kHz range. When this was
done the Model 230 performance was nearly as
good as that of the Model 220 Chopper. One
could manually run the chopper speed up and
down 10% or during sample acquisition and

discern no loss in noise measurement accuracy.

. Blade And Speed Choice For Chopper

The number of slots in the blade has no direct
bearing on observed phase jitter due to motor
instability. The number of slots, however, should
be chosen so that the motor runs between 33% and
100% of full ?fzced for best speed jitter perform-
ance. At 90 for example, one ought to use a
2-slc;t blade spinning at 45% of full speed (2700
pm).

. Considerations When Operating Below 500 Hz

When making simultaneous signal and noise
measurements below 500 Hz, particularly if the
SNDR is 50 dB or greater, the upper
sideband component of the LIA phase sensitive
detector (PSD) may become troublesome. It will
aEKcar as a sinusoid superimposed on the dc
LIA output with a frequency double that of the
modulation frequency, f (view on oscilloscope).
The effect can be large enough to mask the noise to
be sampled if one attempts to operate the system

* with maximum bandwidth (LIA T and ADC t,, set

to minimum values).

To solve this problem, one must decrease the
system bandwidth below its nominal 30 Hz
"wide open" value by a ratio roughly proportional
to the ratio /500 Hz. The penalty is proportionally
slower measurement time when and t, are
increased above the minimum. Thus it may take
five times as long at 90 Hz as at 500 Hz to obtain
the same accuracy if the noise level is low. Moral:
decrease SNDR to the 20 to 40 dB range when

doing low frequency work. See Appendix B.

One also may use the Model 385 integrating ADC
to very good advantage in the suppression of the
spurious 2f output. By setting the T and ADC
t, to yield approximately the same bandwidth (will
be equal when t;, = 4T) an 18 dB/octave attenu-
ation above the comner frequency will be obtained.
This affords us a much more effective rejection of
the 2f component while maintaining a given Af
than could be obtained using the LIA with an
ordinary fast-sampling ADC. The payoff is an
order of magnitude faster measurement when
working at low chopping rates. The technique is
the same as would be used to suppress an output
beat frequency ~waveform resulting from an
interfering frequency lying near f (see reference
#6 scope traces and text). Note that by having t,
span acycle or so of the spurious ac LIA out-
put, one can achieve accurate results even when
the output ripple exceeds the noise (viewed at the
385 input). .



8. Discrete Frequency Interference

Interfering components -lying within the ' system.

bandwidth can cause error similar to that produced
by the 2f effect discussed above. On a scope the
LIA output will exhibit a sinusoidal beat fre-
quency superimposed on the dc signal and noise
(e.g. 30 Hz if f=750 Hz and the interference at
785 Hz). Again the solution lies in bandwidth
restriction and again the penalty is slow mea-
surements. The usual culprit in low level
work is line frequency harmonics, which can
never be more than 30 Hz away from f. Figure 4
shows the rqsults of using a dual channel LIA to
analyze for possible trouble of this sort.

SIGNAL

-« LIA BW
12th HARMONIC 3th HARMONIC

720 Hx  §=750 Hz 780 Hz

399 LIA INT MODE

(sweep from 700 Hz 10 800 Hz)

T=125msec (10 Hz B

A (vector sum) OUTPUT.

DETECTOR MODULATED AT FIXED 750 Hz.

FIGURE4 USE OF A VECTOR SUM LIA TO
DETECT INTERFERENCE

Large interferences as shown will result in
extremely slow measurements, with the time
swongly dependent on desired accuracy, level of
interference and neamess of the interfering

uency to f. One therefore should choose f to
fall between line harmonics. Workers often choose
f to lie 5 Hz "off center” (e.g. 745 Hz instead of
750 Hz). Do not choose f =n x 60 Hz!

Experimentation is advised to find the best values
of T and t, . Start by trying successively larger
values, kctgping to~ XT, and look for the poglgt
at which the measured noise shows no further
reduction. Of course it would be much preferable
to get rid of the interference at the source (things

et much better when the line frequency inter-
erence is 20 dB cr more below the signal).

CONCLUSION

This article has focused on the Model 3990 System
as the tool that best handles D* measurements.
Other ITHACO Lock-In Amplifiers also can be used
in conjunction with the 385EO (GPIB) or 386EQO
(RS-232) Integrator/Coupler ADC devices with
good results.

Model :

393

i o

n max
0.03 pANHz
max
'397E0

DYNATRAC
15 nVANHz typ

Pituraac
SNV Alﬁ_matx
0.03 pANHz
3961

5 nVNI?z max
3962

5 nV/VHz max
3921

25 nVVHz typ

Comments
Same as 3990 except no LIA

sensitivity pro bility.
385 will upgnm‘gn unit.
Gain programmability often

unnecessary. Cardset optimi-
zation omL speed.

Elsfith 385 forms 3970 system.
as sensitivity programming.
Should have Opt?on 12 to spe
?p PLL. Opton 06 ig i;)_r.mional
or rogrammability.
Optig?‘l(}pis mandatory l-{01' dual
phase dc output. No phase
adjustment, so do not use for
SNDR > 60 dB. Non-isolated
front end supply. Very reliable
and simple to operate in producton
environment. Built in current
preamp for photovoltaic or PMT
detectors.

One 385 can handle two independ-
ent 391A's. Fully floating front
end supply. Single phase,
manually adjusted. Half the speed
due to only one channel.Cardset
optimization of PLL.

With 385 forms fully program-
mable D* measurement system for
automated production testing.
Requires low impedance input
(use preamp). Operate in BPLS
mode. Should use good quality
chopper, Model 220.

One 385E0O will handle two
independent 3962's. Single phase
version of 3961 - same comments
apply, except measurement speed

is halved. Automatic phase

setting simplifies operation.

Lowest cost. One 385 will handle
two 3921's. Often will require
preamp for overconl_['uﬁ input noise
voltage or current. the speed
due to single channel. Autophase
tracking eliminates manual phase
adjustment. Limited ability to
handle interference due to modest
dynamic reserve and 6 dB/octave
output filtering on time constant.



APPENDIX A
D* HOST COMPUTER PROGRAMS

ITHACO has available software which customers
may use "as is" or modify to suit their purposes. The
programs are based on the HP85 program "NOISE8"
as described in reference #5,Appendix C. They are
written for use with ITHACO DYNATRAC Models
391A, 393, 397E0O (3970) or 399 (3990).

1."D*HP-D" D* program for HP-85 with GPIB

interface and ITHACO DYNATRAC Lock-Ins.

Supplied on tape. See ITHACO IAN 44, "HP-85

Software for D*Measurement Using DYNATRAC

Lock-In Amplifiers”.
2. "D*PC-D" D* pro for IBM PC operating
in BASICA with National Instruments Model

GPIB-PC2 interface board and ITHACO DYNA-

TRAC Lock-Ins. Requires Nadonal GPIB-PC
Rev. C Binary Handler software. Supplied on
525 inch floppy disc ITHACO P/N A13157
See ITHACO IAN 45, "IBM-PC Software for
D* Measurement Usmg DYNATRAC Lock-In
Amplifiers".

Shown below is the printout obtained using "D*HP-
D" with the D* demonstration setup shown in

Figure 5.

MEASUREMENT CONDITIONS

LIAR TIME CONS= .898125
LIA NOM ENBW = 1986
LIA F.S. MV = .1

285 I,To(SEC)= 1 .a817?7

385 EQUIV NBUW= 38

SYSTEM AF, Hz= 25.78127585%99
SAMPLES., N = 508

Timeas) NI éB= 19

SIGNAL BW AF'= 4. 9988288957 1E-2
385 PARAMETER CODES:
A1.,B1.D083,18881.MAR,0C,R0061,500.,T
B,29

RAW DATRA OUTPUT FROM 38S
CH.A QUTPUT,VDC Escad= 7.40454

CH.A FLUCT,VRMS Encald= L2727
CH.B OUTPUT.VDC Es(b)= .11292
CH.B FLUCT.VRMS Encb)= .26547

- The interpretation is as follows:

The unknown IR power P was estimated assuming
an effective rms sinusoidal responsivity of 12Q/nw
for the type 5055 detector. This yields about 1.5 x
105 v/w for the sep shown. For a 75 pV

detector signal we therefore have: P =V R = 75
uv/1 5 x 10° = 0.5 nw.

!
Vg LIA rd signal; vector sumof Vg (a) and

Vs (b) data. Channel B has becn nulled
to zero in this instance for observation of
chopper jinter effects. Ch.B reproducibility
is on the same order as the baseline
uncertainty due to detector noise (1% of

full scale).

€n: LIA i noise = V(1 /’2)( (a)? + ¢ (b)?)
Note that eac(a) , therefore we
have no evidence of ¢ oppcr phase noise
error here.

SNDR: 20 log (139.7) = 42.9 dB for the combined

Ch.A & Ch.B noise and signal data (*lo
reproducibility = *oD* = £2%.)

COMPUTED RESULTS/REPRODUCIBILITY
CH.A, B, & VECT.SUM SIGNAL(+=aoX)

Vecalr= 74.845 pURMS (£  .18%)
Usib)= 1.128 uwVURMS (+18 _.44%)
Us = 74.854 pYRMS k| . 16%)
CH.A,B.,Y.S. NOISE/ROOT Hz (+-on>
2nfar= 537.873 nVRNMS (+ 9 .85%)
en(b)= 522.833 nVURMS .85
2n = 536.291 nYRMS (+ 2 B32%)

1Hz S/H RATIO0=Vs/en=P/MNEP(+-g0%)

SNDRCa)= 137.87 (+ 2.85%)
SNDR<(b)= 2.14 (£16.82%)
SNDR = 139.72 <(+£ 2.083%)

DETECTOR FIGURE OF MERIT. USE:

a,b DATA; SING CHAN LIA READINGS
comp DATA; DUAL CHN LIA READINGS
RADIANT POWER P = .5 NW
DETECTOR AREA A = .84 CMN.SQ.
¢ +=00% )
NEP(a> = 3 627E-012 (+ 2.85%)
NEP(b> = 2.334E-910 (x10.32%)
NEPC(comp) = 3.57VBE-812 (+ 2.83%
DxcCa) = 5.515E+810 (+ 2.85%)
Dx<(b> = 8.570E+6B8 (+10.82%)
Dx{compP) = 5.589%9E+610 (+ 2.62%)



NEP = Weread the composite Ch.A &Ch.B result | When this experiment was repeated with the chopper

(comp): since we are taking data from both channels.| slowed to 90 Hz (9% of full speed), results to 2.22%
(vector sum information). In general | op accuracy were obtained in 10 seconds. Changes
NEP(a) and NEP(b) will be meaningless | o Figure 5 conditions were: LIA Time Constant =
unless the LIA is phased for a maximum | 4 msec, LIA Ref. Range = YELLOW 100Hz - 1kHz.
ofpaton o0 channel (as we have.done | The observed SNDR decreased to 30 dB dueto

s example for Ch.A). increased detector 1/f noise at this frequency, (e, =

] ; 24 pWVAHz). No 2f difficulty was encountered

D* Again we observe the composite result. | (per Application Comment #7). This example demon-
(comp): D*(a) and D*(b) refer only to single phase |.strates that the wuse of superior quality
LIA operation. DYNATRAC instrumentation prevents errors as

measurement conditions become more difficult.

3VOLT BATTERY BARELY GLOWS
+80Vde gL 237K 1% NON-INDWW o
5" —_
[ Y FOASRLIGHT ] BULB CURRENT =
| l IRINDUSTRIES A0 DN R IR SOURCE . 250 mA
| MODEL 5055 b i
| PbSe DETECTOR ®
T 7 R
R(typ)=1.5x102 V/IW
ITHACO
R =1MQ HP MODEL 6216A
1l o e WS, S8 POWER SUPPLY
| I CHOBPER WITH IN 0-500mA
| 10-SLOT BLADE CUNFERTRONE
| BaTTERVBIASSPPLY ||| AND COVER
). 4
& =9 I |
10K 8
B | ey | REF IN = = 745 Hz
L auxaue |||
&b PIE ceus |}
- ©
| - ; [1] ITHACO MODEL 3990 HP-85
! NS dugyhal LOCK-INAMPLIFIER HOST COMPUTER
2x22uF O.1F L—j) WITH YELLOW @ WITH
Ta Caram SIG.IN CARDSET ) “D* HP-D"
(FLOAT/GND = GND) SOFTWARE
CONDITIONS:  DETECTOR TEMP = 25°C
LIA TIME CONSTANT = 1.25 msec
LIA SENSITIVITY = 1mVx.l=100uV
LIA REF RANGE = 1K - 10K
LIA PHASE = null A SINg for phase jitter diagnostics (optional)
385 "I" PARAMETER = 1(t, = 1/60 SEC, r, = 60 Hz)
# OF SAMPLES = 600 t,, = N t, = 10 seconds)
DATA COLLECTION = Both channels of LIA (Vector Sum Mode)
O D* REPRODUCIBILITY = 16% at 99.7% confidence level

FIGURES D* DEMONSTRATION SETUP



APPENDIX B

Measuring Detector Noise in the 1/F Region Using
the Model 3970 Lock-In Amplifier

Typically 1/F noise measurements are made at octave
intervals such as 10 Hz, 20 Hz, 40 Hz, 80 Hz, ....
In order to achieve maximum measurement speed,
the question becomes: how do we choose lock-in
time constant (T) and 385 ADC sa.mgélll;in interval (ty)
to achieve the widest practical width. Two
considerations are important. First, the equivalent
noise bandwidth of the lock-in taken alone (LNBW)
must not be so wide that it includes the origin (eig.,
50 Hz bandwidth at 10 Hz measurement center
frequency). Second, the composite system
bandwidth, Af = f(T,t,), must not cover so much of
the 1/F noise spectral density curve as to distort the
true spot noise at the center frequency (f).

The Model 3970 Lock-In is the preferred instrument
for this tme of measurement. It covers the range
from 10 - 10 kHz, without changing reference
ranges or cardsets. Compared to the Model 3990 it

has a rather large ac input bandpass filter signal
conditioning passband at low f-rgguencics (prevents
potential errors in computing Af). Furthermore, it

-easily can be modified for switching under host

computer control to a lon%cr; time constant for the
lowest frequency points. pirical testing with a
darkened detector has shown that only two time
constants are required; .025 sec (5 Hz LNBW) and
0025 sec (50 Hz LNBW), to cover the range 10 Hz
to 10 kHz. The 385 sampling interval t, is then
chosen to achieve the requsite bandwidth, Af,
without significant time measurement penalty. Table
1 shows the optimum T and t, parameters. For 160
Hz and above, the 3970 can be operated with a "wide
open” bandwidth. For each frequency, the number of
samples, N, was chosen to yield a noise
measurement reproducibility of o, = 0.0333 (£10%
uncertainty at the 0.997 3o confidence level). This

allows for meaningful time comparisons.

£E
TR

N t, = measurement time

f T to LNBW CNBW Af tm
Hz | sec I sec Hz Hz Hz N sec
10 | 0.025 12 02 5 2.5 2.03 218 43.6
20 | 0.025 6 0.1 5 5 3.20 240 24.0
40 | 0.025 1 017 5 30 4.85 955 15.9
80 | 0.0025 2 033 50 15 13.2 218 13

160 | 0.0025 1 017 50 30 22.8 218 3.6
assband center frequency
ock-in time constant
385 integration time code
385 sampling time = I/60
lock-in equivalent noise bandwidth

385 equivalent noise bandwidth
composite measurement bandwidth
# of samples for £10%_30 reproducibility

TABLE1 OPTIMUM 3970 PARAMETERS FOR LOW FREQUENCY NOISE MEASUREMENT

When chopped IR light was allowed to fall on the
detector for the frequencies listed above, essentially
the same noise values were obtained. The radiation
was fixed at a level which yielded a 17 dB SNDR at
10 Hz increasing to a 33 dB SNDR at 160 Hz (due to
1/f decrease in noise at higher frequencies). This
demonstrates that the same values of T and t, as

shown above could be used if one were making
simultaneous signal and noise measurements for D
characterization in this region. The frequency values
20, 40, 80, 160, 320, ... are good choices for D*
because . they lie away from the line frcgucncy
harmonic series, 60, 120, 240, ..., yet do not
coincide with multiples of 30 Hz.
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e Sig’ 3970 Lock-In Amplifier ‘Ref Oscillator

90Vdc 16
20 dB
Preamp GPIB
"D* HP-D"
PbSe or
IRI 5055 HP-85 or IBM-PC "DS-PC-D"
: Software
30
L
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< "\ +10% 30 Reproducibility (=1 dB error band)
2 2 < | Noise = 20 logyg (e/ILV)
E \ Responsivity flat to z
& [d dB/octave \n\
Ty
z e
o 0
= \o\
e,
-10 s

10 20 40 80 160 320
FREQUENCY

Figure 6 Pb/Se Detector I/F Dark Noise Measurements Results

Figure 6 plots the 1/F curve for a r{gical PbSe
photoconductive detector. The Model 167 Voltage
Preamplifier was connected directly to the detector
head. This arrangement prevents interference pickup
by the input wiring, and suppresses any microphonic
tendency of the lock-in. It also provides 1 microvolt
sensitivity with much lower voltage and current noise
than possible with the 397EO alone. Furthermore, it

reduces capacitance, allowing for flat responsivity to
beyond 10 kHz -

640 125K 25K SK 10K

To make faster measurements at the lowest
frequencies, one could increase Af by lowering T and
lo, then compensate for the error introduced by
having too wide a bandwidth relatve to the 1/F
curve. The compensation could be determined either
analytically or emprically.

12
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