LINEARITY NOTES FOR CIE TC2-29

A VARIANT ON SUPERPOSITION

An interesting variant on the superposition method was first described by Paul H.
Wendland (founder of UDT) in Laser Focus in October 1973. It appeared in the
column “Focus on Techniques” and was titled “Characterizing a laser receiver.” In
the short note, he discusses linearity measurements along with NEP and spectral
responsivity.

I have labeled this technique the AC/DC method, and this was picked up by Mike
Lind when he was at NBS. The device under test is subjected to two sources. The
first is unmodulated and may be adjusted over a wide range of irradiances. The
second 1s modulated, from which the rms irradiance is held at a very low and
constant level. The output of the device under test is monitored with an AC-coupled
instrument, insensitive to the DC output generated by the unmodulated source.
The output 1s then AI (orAV) when subjected to the modulated irradiance change
AE, and is thus proportional to responsivity. If this output is constant when the
unmodulated irradiance is varied, the device is linear. A decrease in Al (or AV) at
higher levels indicates the onset of saturation. Jon Geist has recently submitted
this method to a full mathematical analysis.

This method is very easy to set up and can determine dynamic range very rapidly
over many decades. Either source spectral distribution can be set to narrow band
(laser, LED, bandpass filter) or broadband. If the AC instrument is a lock-in
amplifier synchronized to the modulated source, a dynamic range of at least 6
decades is feasible. We use this method in our teaching labs to demonstrate both
the technique and the dynamic range of silicon photodiodes.

I believe that this is functionally the same as the differential spectral responsivity
method described by J. Metzdorf in Appl. Opt. 26, 1701 (1987), Metrologia, 28, 247
(1991), and others. By the way, was there ever a sequel to the Applied Optics
paper? I first applied a fixed optical bias to the measurement of spectral
responsivity of photovoltaic detectors in about 1962, when my colleagues and I
stumbled upon the phenomena that Metzdorf calls photoaugmentation. From that
time, these measurements have been done in the presence of a white-light bias
source, as described in ASTM E1021.

QUICK CHECK

A simple check can be made to determine if a detector or radiometer is saturated.
Place a transparent (e.g. glass) plate in front of the device and see if the output is
diminished. The drop should be on the order of 8% for a glass plate (e.g., a



microscope slide). The transmittance (in the absence of interference effects) of a
plane parallel plate, including inter-reflections, is
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where « is an absorption coefficient, ¢is the thickness and pis the reflectance for a
single surface. For a non-absorbing material, the reflectance p of a single surface
at normal incidence is related to the index of refraction as:
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where nis the real part of the refractive index. If «is zero, this reduces to
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For example, if the plate is fabricated from typical borosilicate glass like NATO
517642 (n=1.517), then the transmittance is 0.919. Note that this technique works
only in incoherent beams (not suitable for lasers because of interference effects) and
also requires that the surfaces be clean, i.e., free of oils or other materials that may

act as anti-reflection (anti-blooming) coatings.

OTHER COMMENTS ON SECOND DRAFT

2.6 It seems to me that r. is often a function of Z; thus, in general, the equation
following note 2 is not valid. I strongly agree with a previous comment that r.(Z) is
appropriate.

3.2.1 & 3.2.2 1 believe that Bouguer’s law is one form of the exponential absorption
law, dealing with different thickness of a substance with a fixed absorption
coefficient. It certainly has nothing to do with the inverse square law. Beer’s law is
another form of the exponential absorption law, dealing with different
concentrations of a substance with a fixed thickness.

3.2.1 It should be mentioned how inter-reflections can be avoided. The usual
technique 1is to tilt the filters with respect to each other. A procedure to determine
just how much tilt is required would be useful.

3.4 The range of levels that can be covered using the inverse square law can be
extended via the insertion of selected ND filters. If sufficient overlap is allowed, the
exact density of the filter is not needed. This is a useful way to characterize ND
filters as well..



BIBLIOGRAPHY

Note: I scanned the original list from the draft of TC2-29, then added my
suggestions (denoted by **), and finally alphabetized them. (Updated 7/21/03)

** Aksyutov, L.N & G.K. Khopolov, “Checking PMT linearity,” Sov. J. Opt. Technol.
38, 639 (1971).

** Bauer, G., “The sensitivity of nonlinear detectors,” Appl. Opt. 7, 1017 (1968).

** Bennett, H.E., “Accurate method for detecting photometric linearity,” Appl. Opt.
5, 1265 (1966).

** Boivin, P. Automated absolute and relative spectral linearity measurements on
photovoltaic detectors,” Metrologia, 30, 355 (1993).

Budde, W., “Definition of the linearity range of Si photodiodes,” Appl. Opt. 22, 1780
(1983).

Budde, W., "Multidecade linearity measurements on Si photodiodes,” Appl. Opt. 18,
1555 (1979).

Budde, W., “Large-flux-ratio linearity measurements on Si photodiodes,” Appl. Opt.
21, 3699 (1982).

** Budde, W., “Physical detectors of optical radiation,” Volume 4 on F. Grum & C.J.
Bartleson, “Optical Radiation Measurements,” Academic, NY, London, Paris,
Section 3.3, p. 68 (1983).

** Cady, F.M., D.R. Bjork, J. Rifkin & J.C. Stover, “Linearity in BRDF
measurements,” Proc. SPIE 1165, 192 (1989).

Cappuccio, G., A. D'Arnico, S. D'Angelo & C. Ranghiasci, “Photometric linearity test
for IR spectrophotometers by means of a rotating sector disk attenuator,” Appl. Opt.
21, 3619 (1982)

Clarke, F.J.J., “High accuracy spectrophotometry at NPL,” J. Res. NBS, (1972).
** Also in R. Mavrodineanu et.al, eds., “Accuracy in Spectrophotometry and
Luminescence Measurements,” NBS Special Publications SP378, 1 (1973).

** Coslovi, L. & F. Righini, “Fast detemination of the nonlinearity of
photodetectors,” Appl. Opt. 19, 3200 (1980).

** Deszi, G. & L. Fillinger, Testing the linearity of photodetectors,” Proc. 8th.Int.
Symp. IMEKO, 457 (1978).

** Edwards, J.G. & R. Jeffries, “An automatic linearity tester for photodetectors,”
J. Phys E: Scientific Instruments 3, 518 (1970).



** Fischer, J & L. Fu., “Photodiode nonlinearity measurement with an intensity
stabilized laser as a radiation source,” Appl. Opt. 32, 4187 (1993).

** Fleury, P., “An addition method for the precise study of the variation of the
current output of a photoelectric cell as a function of the incident luminous flux,”
Compt. Rend. Acad. Sci (France) 199, 195 (1934).

** Francis, R. “Measuring photometric accuracy using the double aperture
method,” Varian Application note UV-62 (November 1993). Available on the
WWW.

** Frelich, R.G., “Estimation of the nonlinearity of a photodetector,” Appl. Opt. 31,
5926 (1992).

Gardner, J.L. & F.J. Wilkinson, “Response time and linearity of inversion layer
silicon photodiodes,” Appl. Opt. 24, 1531 (1985)

** Geist, J. “Linearity and the ac/dc technique,” International Radiation Detectors,
25 August 2001. Available at www.ird-inc.com/lintheory.htm.

Hattenburg, A.T. & J.B. Shumaker, “Linearity study of a diode array radiometer,”
Appl. Opt. 23, 3257 (1984).

** Hawes, R.C., “Technique for measuring photometric accuracy,” Appl. Opt. 10,
1246 (1971).

Hennerich,K., W. Lahmann & W. Witte, “The linearity of Golay detectors,” Infrared
Physics 6, 123 (1966).

** Jung, H.J., “Dynamic method for measuring nonlinearities of photoelectric
detectors,” Z. Agnew. Phys. 30(5), 338 (1971).

** Jung, H.J., “Compensation of nonlinearities of photoelectric detectors,” Z. Agnew.
Phys. 31(3), 170 (1971).

Jung, H.J., “Spectral nonlinearity characteristics of low noise silicon detectors and
their application to accurate measurements of radiant flux ratios,” Metrologia 15,
173 (1979).

** Kohler, R., R. Pello, J. Bonhoure, “Temperature dependent nonlinearity effects of
QED-200 detector in the visible,” Appl. Opt. 29, 4212 (19990).

** Kibarsepp, T., A.Haapalinna, P.Karha & E.Ikonen, “Nonlinearity measurements
of silicon photodetectors,” Appl Opt 37, 2716 (1 May 1998).

Lecollinet, P, & J.Bastie, “Photodetector linearity measurement over a wide
dynamic range,” (IMEKO, 1994).

Lecollinet, P, & J.Bastie, "Mesure de la linéarité des détecteurs utilisés en
radiométrie," Bulletin du BNM n°106, p37-45, Oct 1996



** Lecollinet, P. & J.Bastie, "Mesure de la linéarité des détecteurs utilisés en
radiométrie," Actes des conférences de Métrologie 95, p 251, Nimes, 16-19 Oct 1995,

** Lind, M.A., “Measurements of the absolute spectral response of detectors,” in
Proceedings of the EOSD Conference, Chicago, 55 (1976).

** Metzdorf, J., “Calibration of solar cells 1: The Differential Spectral Responsivity
Method,” Appl. Opt. 26, 1701 (1987),

** Metzdorf, J., “Principle and application of differential spectroradiometry,”
Metrologia, 28, 247 (1991).

Mielenz, K.D. & Eckerle, K.L., “Spectrophotometer linearity testing using the
double aperture method,” Appl. Opt. 11, 2294 (1972).

** Migdall, A. & C. Winnewisser, “Linearity of a silicon photodiode at 30 Mhz and
its effect on heterodyne measurements,” J. Res. NIST 96, 143 (1991).

** Natrella, M. “Characterizong linear relationships between two variables,” NBS
Handbook 91 (1966).

** Ossadnik S, G.Naundorf & G. Schwedt, “Determination and Calculational
Minimization of the Nonlinearity of a Vis-NIR-Spectrophotometer Using the Double
Aperture Method,” ASTM J. Testing Evaluation 29, 407 (2001).

** Pitz, E., “Nonlinearity measurements on photoelectric devices,” Appl. Opt. 18,
1360 (1979).

** Reule, A., “Testing photometer linearity,” Appl. Opt. 7, 1023 (1968).

** Richardson, R.L., H.Yang & P.R.Griffiths, "Evaluation of a Correction for
Photometric Errors in FT-IR Spectrometry Introduced by a Nonlinear Detector
Response " Appl Spec 52, 565 (1998)

** Richardson, R.L., H.Yang & P.R.Griffiths, "Effects of Detector Nonlinearity on
Spectra Measured on Three Commercial FT-IR Spectrometers," Appl Spec 52, 572
(1998)

Sanders, C.L., “Accurate measurements of and corrections for nonlinearities in
radiometers,” J. Res. NBS, 76A, 437 (1972). ** Also in R. Mavrodineanu et.al, eds.,
“Accuracy in Spectrophotometry and Luminescence Measurements,” NBS Special
Publications SP378, 63 (1973).

Sanders, C.L., “A photocell linearity tester,” Appl. Opt. 1, 20, (1962).

Saunders, R.D. & J.B. Shumaker, “Automated radiometric linearity tester,” Appl.
Opt. 23, 3504, (1984).



Schaefer, A.R., E.F. Zalewski & J. Geist, “Silicon detector non-linearity and related
effects,” Appl. Opt. 22, 1232 (1983).

** Schaefer, A.R., E.F.Zalewski, M.A.Lind, & J.Geist, “Linearity studies on silicon
photodiodes,” Proc. Electro-Optics/Laser 77 Conf. & Exposition, Anaheim, CA, Oct.
1977, p. 459 (1977).

** Shultz, A., D.Campbell, & J.Messman, “Reference Material Standardization
Guidelines for Quality Control and Validation of UV/VIS Absorption
Spectrophotometers,” CalLab, NOV 1998, p. 27.

** Sloane, H.J. & W.S. Gallaway, “Spectrophotometric accuracy, linearity and
adherence to Beer’s law,” Appl. Spectrosc. 31, 25, (1977).

Stock, K.D. “Si-photodiode spectral nonlinearity in the infrared,” Appl. Opt. 25, 830
(1986).

** Thompson, A. & H.Chen, “Beamcon III, a Linearity Measurement Instrument
for Optical Detectors,” J. Res. NIST, 99-6, p. 751 (1994).

** Tong-Bao, L., “Some investigation on linearoty of Si-photodiode,” Proc 10th
IMEKO Symposium on Photon Detectors, Budapest (1982).

** Vayshenker, I., S. Yang, X. Li & T.R. Scott., “Automated measurement of
nonlinearity of optical fiber power meters,” Proc SPIE 2550, 12 (1995).

** Vayshenker, I.; S.Yang, X.Li, T.R.Scott, & C.L.Cromer, “Optical Fiber Power
Meter Nonlinearity Calibrations at NIST,” NIST SP 250-56, Aug. 2000.

** Vayshenker, I.; S.Yang, X.Li, & T.R.;Scott, “Nonlinearity of Optical Fiber Power
Meters,” Tech. Dig., Symp. on Optical Fiber Meas., in NIST SP 905, p.101; Oct 1996

** Wall, D.L. & A.W. Mantz, “Simple technique for characterizing nonlinear
responsivity of infrared detectors,” Appl. Opt. 19, 1569 (1980).

** Wendland, P.H., “Characterizing a laser receiver,” Laser Focus, October 1973.

** Yang, S., I. Vayshenker, X. Li, & T.R. Scott., “Accurate measurement of optical
detector nonlinearity,” Proc. Natl. Conf. Standards Laboratories, Session 5A, 353,
July-August 1994.

** Yang, S., I. Vayshenker, X. Li, & T.R. Scott., “Optical detector nonlinearity: a
comparison of five methods,” Proc. Conf. Precision Electromagnetic Measurements,
455, June-July 1994.

** Yang, S., I. Vayshenker, X. Li, & T.R. Scott., “Optical detector nonlinearity:
Simulation,” NIST Tech Note 1376, 1995.



** Zakharchenko, A.P., et.al., “Measuring the linearity of photoelectric devices
through the use of light diodes,” Sov. J. Opt. Technol. 46, 50 (1979).

Zwinkels, J.C.M. & D.S. Gignac: “Automated high precision variable aperture for
spectrophotometer linearity testing,” Appl. Opt. 30, 1678 (1991).



A search on “linearity” in the ASTM database showed several documents that may
be relevant. Selected documents known to be applicable are given below. There
may also be documents in DIN, ISO etc. protocols that are pertinent, but I have no
Immediate access.
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