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Abstract

This paper describes the challenges associated with the metrology of LED sources. The main problem is the difference
between the spectra of LED lamps and the spectrums of reference lamps, which are mainly highly stable and well-reproducible
incandescent lamps. The difference in spectra leads to the fact that the luminous responsivity of the calibrated photometer
will be different for the reference incandescent lamp and for the LED lamp. The difference is caused by the fact that
a relative spectral characteristic of the photometer responsivity is always different from the spectral responsivity of the human
eye (V(A) curve), which determines all luminous quantities. The greater the difference between the relative spectral responsivity
of the photometer and V(A) is, the more the luminous responsivity of the photometer will differ for the reference lamp
and for the LED lamp. The paper describes a method developed at the NSC “Institute of Metrology” for experimental
determination of mismatch correction factors of luminous responsivity that account for the difference in the LED spectra to
solve the problems of metrological support of LED sources. Methods of experimental study of mismatch correction factors

for measuring instruments of luminous quantities of LED radiation sources are presented.
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Introduction

The significant growth in the production of lighting
products based on light-emitting diode (LED) sources,
which is associated with their higher energy efficiency
compared to incandescent lamps, has caused problems
with reliably determining the luminous characteristics of
these products. This is because spectral characteristics
of incandescent lamps significantly differ from the
characteristics of LED sources, which leads to
a difference in the responsivity of integrating sphere
photometers when measuring the luminous flux from
incandescent lamps and LED sources. Since national
luminous flux measurement standards that are available
today at national metrology institutes are established
(designed) by measurement methods using integra-
ting sphere photometers [1—4] and incandescent
standard lamps, this difference may lead to significant
(up to 5%) uncertainties in measurements / calibrations
of LED sources.

When measuring / calibrating incandescent lamps,
this difficulty does not exist, since the spectrum of
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reference incandescent lamps (for example, Type A)
(used to calibrate integrating sphere photometers)
and the spectrum of the measured incandescent
lamps are approximately the same. Then, accordingly,
correction factors for the luminous responsivity of the
integrating sphere photometer are the same for them.
But when measuring LED sources with integrating
sphere photometers calibrated with incandescent lamps,
a problem may arise due to the difference in the
spectral responsivity of integrating sphere photometers
from W()\). This issue may be solved by the methods
described in [5]. This paper is dedicated to the de-
velopment of methods [5], which would allow solving
the problem of the difference between the spectra
of incandescent lamps and LED light sources.

Calculation of the mismatch correction factor for the
responsivity of the integrating sphere photometer to the
LED luminous flux

The difference in sensitivities may be determi-
ned from the formulas for correction factors for the
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luminous responsivity of an integrating sphere for
a standard incandescent lamp (1) and for a measu-
red LED light source (2):
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where:

@D (M) is a relative spectral flux from the stan-
dard incandescent lamp used to calibrate the integ-
rating sphere photometer;

D, p(M) is a relative spectral flux from the
LED source, which is measured using the integrating
sphere photometer;

S.,(A) is a relative spectral responsivity of the
integrating sphere photometer;

Anin— Amay 1S the spectral responsivity range of the
integrating sphere photometer, nm.

The mismatch correction factor for adjusting
the responsivity of the integrating sphere photo-
meter to the LED Iluminous flux is determined
as follows:

k(LED)
k=———0—. 3)
k(st)
It can be seen from the formulas that the closer
@, (M) to D, (M) is, the closer k to one is, and the
more accurate the LED calibration is.
If a standard incandescent lamp is used to calibrate
a LED source (source of Type A), then F*=k"' is
a spectral mismatch correction factor [6].

Method for experimental determination of the mismatch
correction factor for the responsivity of the integrating
sphere photometer to the LED luminous flux

A mismatch correction factor (3) may be measured
using a reference photometer with known coefficients

Standard reference
/ lamp

LED

&

\ ™ Standard
LED reference

photometer
Fig. 1. Scheme of measuring the mismatch correction factor k

for adjusting the responsivity of the integrating sphere photometer
to the LED luminous flux

(5) and (6), as well as the mismatch index fl' [6],
which is close to 0.

A measurement diagram for k is shown in Fig. 1.
Directional collimated luminous flux from a standard
lamp and LED is alternately fed into the integrating
sphere photometer and the reference photometer.
In this case, the currents of the integrating sphere
photometer and the reference photometer are measured.

The mismatch correction factor for the responsivi-
ty of the reference photometer to the LED luminous
flux is determined similarly to (3) as follows:
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where S,

«pn(M) is @ relative spectral responsivity of the
standard photometer.

Using formulas (1—6) the following expression are
obtained:
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Fig. 2. Scheme of measuring the relative spectral responsivity
S.eipn(h) to correct the responsivity of the integrating sphere
photometer to the LED luminous flux

where:

I,(LED) is a current of the integrating sphere
photometer when illuminated by the LED;

I, (st) is a current of the integrating sphere
photometer when illuminated by the standard lamp;

1,,(LED) is the current of the standard photometer
when illuminated by the LED;

1,(st) is a current of the standard photometer
when illuminated by the standard lamp.

To determine £, it is sufficient to perform relative
measurements under the same irradiance conditions for
photometers from a LED source and standard lamp.

Experimental determination of the mismatch correction
factor for the responsivity of the standard photometer
to the LED luminous flux k

To determine &, of a standard photometer, it is
necessary to measure its relative spectral responsivity
Srel,ph(}")'

These measurements are usually performed on
a spectroradiometric installation shown in Fig. 2.

Using a radiation source and a monochromator,
a uniform monochromatic illumination is generated
at a small distance from the output slit of the mono-
chromator. A non-selective receiver and standard
photometer are illuminated alternately at each res-
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Fig. 3. Scheme of measuring the relative spectral responsivity
Seon(A) based on the trap detector

ponsivity wavelength of the standard photometer. The
relative spectral responsivity of the standard photo-
meter is determined from as follows:

S ) = Sy 0) / S, (8)
where:

S =L, (0) S0 / L, (A,

1, (M) is the reference photometer signal,

I,(M) is the non-selective receiver signal,

S.(A) is a relative spectral responsivity of a non-
selective receiver (close to 1 over the entire spectral
range),

Son(Ay) is @ maximum value of S, (}).

Instead of a non-selective receiver, a receiver with
a known characteristic of relative spectral responsivity,
for example, a trap detector (Fig. 3, 4) [7—11], may
be used.

A trap detector with a filter that corrects a visi-
bility curve V(A) (Fig. 3) can also be used as a stan-
dard photometer [7]. Its spectral responsivity is
approximately linear and well known in the visible
range, so it is sufficient to perform high-precision
measurements of the spectral transmittance of the
correction filter to determine the spectral responsivi-
ty of a reference photometer.

Fig. 4. Standard photometer based on trap detector with V(A) corrective filter
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The spectral responsivity of the standard photo-

meter can be represented as the following formula:
SN =8, (1) (1), ©)

where t(A) is the spectral transmittance of the cor-
rection filter and S, (M) is the spectral responsivity
of the trap detector.

The responsivity of the trap detector can be re-
presented as follows:

SupM=(e-1/h-)- (1=p(1))- (1-3 (1)), (10)
where:

e = 1.60217733E-19 C is the elementary charge,

h = 6.6260755E-34 J-s is the Planck’s constant,

¢ = 299792458 m/s is the speed of light,

1—p()) is the absorbance of the trap detector,

d()) is the charge-carrier losses (IQD) of photo-
diodes.

The determination of k of a trap detector with
a filter can be calculated by formulas (4—6) using the
Mathcad program, in which the functions @, (),
D, :p(V), Sipn(M), V() can be presented in a tabular
form.

The algorithm of the procedure described
above for transferring the size of the responsivity
correction factor from the standard photometer
to the integrating sphere photometer is shown
in Fig. 5.

v

Measurement of relative
spectral responsivity Srel,ph(A), w
and determination kph

Nonselective Trap- Spectrophotometer
receiver detector
S..(A), rel. units SealA), W 7(A), rel. units
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luminous
responsivity
correction factor k

A 4 .
I Integrating
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Fig. 5. Scheme of transferring the size of the mismatch correction factor for luminous responsivity from the standard photometer
to the integrating sphere photometer
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Fig. 7. Spectrum of standard white LED

Evaluation of the uncertainty of the result of mea-
surements of the mismatch correction factor &

As an example, let us consider the budget
of measurement uncertainty k for the national
measurement standard of the unit of Iuminous
flux, which is maintained at the NSC “Institute of
Metrology™.

The uncertainty of correction factors was calcu-
lated for the reference photometer based on a trap
detector with a filter correcting for visibility curve V()

(Fig. 4) and the integrating sphere photometer with
spectral characteristics described in [7].

The uncertainty was evaluated for a standard
Type A source (CIE Standard Illuminant A, Fig. 6)
and a standard white LED with spectral power distri-
bution showing Fig. 7.

The components of the measurement uncertainty
of the correction factor of the luminous responsivity
of the integrating sphere photometer k are shown in
Table 1. Table 1

Uncertainty budget of measurements of k at the NSC “IM”

. i Value of relative standard
Component of uncertainty The source of uncertainty )
uncertainty (%)
u, . Determination of k 0.116
p! %
" Measurement of photocurrent ratio of standard 0.005
Jtrap photometer ’
Measurement of photocurrent ratio of integrating
u. 0.005
j sphere sphere photometer
u, Combined Uncertainty of Type B 0.116
u Standard Uncertainty of Type A (repeatability 0.01
4 in independent measurements) )
u, Combined standard uncertainty 0.116
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Fig. 8. Relative spectral responsivity of integrating sphere photometer — S, (A) and luminosity curve — V(A)

Such a low value of the component of uncertainty
Uy, 1 associated with the absence of reflections between
the trap detector and the correction filter. The absence
is caused by the fact that more than 99.9% of the light
flux passing through the filter is absorbed by the trap
detector. Therefore, in accordance with formula (9),
u,, is determined only by the uncertainty of S, (A)
and measurements of the spectral transmittance t(A)
of the correction filter. The linearity of the spectral
function §,,(A) in the visible range is affected only
by the relative spectral function of the absorbance of
the trap detector. The selectivity of this function does
not exceed 0.05%. The contribution of measurement
uncertainty t(A) to the determination of S, (A) does
not exceed 0.104%.

To estimate the unaccounted systematic component
of the error of measurements of the luminous flux of
a standard white LED, the relative spectral respon-
sivity of the integrating sphere photometer was used.
The latter is in turn used at the NSC “IM” (Fig. 8)
[7] with a mismatch index [6] f; x100% = 6.17%.

For an integrating sphere photometer, the dif-
ference in light responsivities for a standard Type A
lamp (Fig. 6) and a standard white LED (Fig. 7)
results in a systematic component of the measure-
ment error: (k—1)x100%=-—2.2%.

From the results of the calculations, it is concluded
that this technique allows significantly reduce the
systematic component of the measurement error. This is
especially true in industrial laboratories, where spectral
characteristics of spherical photometers can differ from
V(\) much more significantly than those given above.

Conclusions

A method for measuring the mismatch correction
factor for the responsivity of luminous values of working
photometers k is proposed. The proposed method
makes it possible to reduce the measurement/calibra-
tion uncertainty of LED sources associated with the
difference between the spectra of standard incandescent
lamps and the spectra of LED sources. Thanks to the
proposed method, it is possible to use highly stable
and well-reproducible incandescent lamps as standard
lamps for reproducing and transferring units of Iumi-
nous values, including LED sources, in the future.

To implement the method, it is sufficient
to use a standard photometer with a well-known
mismatch correction factor k, for a LED source.
The implementation of the method provides only
relative measurements, which greatly simplifies the
measurement procedure and eliminates the need
for absolute measurements.
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MeToaMKa BU3HAYEHHS MONMPABKOBUX KoOe(ili€eHTIB
CIIEKTPAJIbHOI PO30i2KHOCTI 11 CBITJIOBOI YYTJIMBOCTI
(¢oTomMeTpiB NpU BUMIPIOBAHHI XAPAKTEPUCTHK
CBITJIOMIOAHUX JIAMII
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AHoTamis

VY craTTi onucaHo TpoOjeMu, MOB’sI3aHi 3 METPOJIOTIi€l0 CBiTIoAioNHUX axepes. OCHOBHOIO MpOOJIEMOI0 € Pi3HULS
MiX CHeKTpaMU CBITJIOLIOOHMX JIaMII i CIEKTpaMU €TaJOHHUX JaMIl, sIKi B OCHOBHOMY € BHMCOKOCTaOiIbHUMMU ¥ J100Ope
BiITBOPIOBAHMMU JIaMIIaMU pO3KaploBaHHs. Pi3HULI B crekTpax MNPU3BOAUTL OO TOTrO, IO CBIiTJIOBAa YYTJIMBICTb
BinkasniOpoBaHoro (oromerpa Oyne pi3HOIO I €TaJOHHOI JaMMU PO3XKaplOBaHHS I I CBITJIOZIOAHOI JaMITU, TOMY
110 BiTHOCHA CIEKTpajibHA XapaKTEePUCTUKA UYTJIMBOCTI (hOTOMETpa 3aBXKIU BiPi3HSETbCS Bill CMEKTPAJIbHOI UYTJIMUBOCTI
moackkoro oka (V(A) kpuBoi), siKa BU3HAYa€ BCi CBITJIOBI BeIMYMHU. YuM Oisbllia pi3HULISI MiX BiTHOCHOIO CIIEKTPaTbHOIO
yyTauBicTIO (poroMerpa i V(A), TUM Oinblne Oyme BiIpi3HATHCS CBITIIOBA YYTJIMBICTH (hOTOMETpa IJISI €TAJIOHHOI JaMITh
i g cBiTJomionHoro BUIpoMiHioBaya. Llsi mpoGsemMa 0ocoOIMBO aKTyajibHa JJisl BEJIUMKUX cepuuyHux (hOTOMETpiB, sIKi
BUMIpPIOIOTh BEChb CBITJIOBMI MOTIK, 110 BUXOAWTHL Bil JaMIM, a MPOBENECHHS MOCTIIKEHHS BIIHOCHOI CIEKTpaJabHOI
XapaKTEePUCTUKU € AyXKe CKIAAHWUM, MPaKTUYHO HE3MiNCHEHHMM 3aBIaHHSIM, 4epe3 BeJuKi po3mipu chepu ¢doTomMmerpa,
110 BUMAra€ BEeJIMKMX PiBHIB MOTOKY JIs1 3a0e3MeUeHHs MMPUITHITHOTO PiBHS CUTHAIY Ha mpuiiMadi cepu. ToMy HaitOibII
aKTyaJIbHUM 3aBIAHHSM € po3poOKa METOAY BU3HAUYEHHSI IONMPaBKOBOIO KoedilliEHTa CIEKTpaabHOI pO30iXKHOCTI JIxKepes
BUIPOMIHIOBAHHSI Ha OCHOBI HE YCTAHOBOK JUISI BU3HAUE€HHSI CHEKTpajibHOI UYTJMBOCTI HAa OCHOBI MOHOXPOMAaTOpIB i3
MOTY>XHUM J[XK€PEJIOM BUITPOMiHIOBaHHS, a HA OCHOBiI YCTAHOBOK 3 iHTErpaJbHUMU JIKepeJaMyu BUMIPOMiHIOBaHHS. CBITJI0Bi
MOTOKM Bill iHTerpaJibHUX JKEpes BUIIPOMiHIOBAHHS 3a0e3IeuyIoTh JOCTAaTHii CUTHAJ JUIsl TpUiiMada iHTerpylouoi cdepu.

VY crarti onucano po3pobaeHuii B HHLL “IHcTuTyT MeTposorii” MeToJ eKCepUMEeHTaIbHOTO BU3HAYEHHS TTOMPABKOBOTO
KoedillieHTa CHeKTpaJbHUX PO30iXKHOCTEH CBITIIOBOI YYTIMBOCTI (DOTOMETpa ISl BUPILIEHHSI 3aBJaHb METPOJIOTIYHOrO
3a0e3MevYeHHsl CBITJIoMioMHUX JKepes. HaBeneHo MeToau eKCrnepuMeHTaabHOTO IOCIIXKEeHHS MOMpPaBKOBUX KOedilliEeHTIB
CHEKTpaJbHOI PO30iIKHOCTI UISI CBITJIOBOI YYTJIMBOCTI 3aCO0iB BUMIpIOBAaHHS CBITJIOBUX BEJIWYMH CBITIOMIOAHMUX IKepes
BUITPOMiHIOBaHHSI.

KuwouoBi cioBa: CBITIIOBUII TOTIK; CBITJIOBA YYTJIMBICTH; MOMPaBKOBUI KOE(MILI€EHT CHEKTPadbHOI PO30IXKHOCTI;
iHTerpyrounit cchepuyHuili GoToMeTp; CBITJIONIOAHE /KEePEIo CBiT/Ia; CTaHAApTHA JlaMmIla; CTaHAApTHUN (HOTOMETp.
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