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At the end of this module, you should 

understand

• The difference between calculation and measurement equations

• Why the measurement equation has more components

• Where do they come from

• How to develop a measurement equation 

• How to evaluate additional components in the measurement equation

• When to stop adding them 

• How to determine the sensitivity coefficients

• Analytically

• Modelling

• Lab experiment



NPL Management Ltd - In Confidence

At the end of this module, you should 

understand

• The difference between calculation and measurement equations

• Why the measurement equation has more components

• Where do they come from

• How to develop a measurement equation 

• How to evaluate additional components in the measurement equation

• When to stop adding them 

• How to determine the sensitivity coefficients

• Analytically

• Modelling

• Lab experiment

Lamp-

diffuser

Integrating 

sphere



NPL Management Ltd - In Confidence

RADIANCE CALIBRATION 1

Laboratory based

Lamp – diffuser method
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At the end of this section, you should 

understand

• The difference between calculation and measurement equations

• Why the measurement equation has more components

• Where do they come from

• How to develop a measurement equation 

• How to evaluate additional components in the measurement equation

• When to stop adding them 

• How to determine the sensitivity coefficients

• Analytically

• Modelling

• Lab experiment

Lamp-

diffuser
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Steps to an uncertainty budget

1. Traceability Chain

2. Calculation Equation

3. Sources of Uncertainty

4. Measurement Equation

5. Sensitivity Coefficients

6. Assigning Uncertainties

7. Combining your uncertainties

8. Expanding your uncertainties
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Step 1: Traceability chain
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Step 2: Calculation equations
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Step 3: Sources of uncertainty

Calibration certificate

Calibration certificate

Distance accuracy

Random noise

Lamp additional effects

• Ageing

• Alignment

• Current stability

Diffuser additional effects

• Ageing

• Uniformity

Instrument additional effects

• Stability (drift)

• Room stray light
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Step 4: Measurement equations
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Steps to an uncertainty budget

1. Traceability Chain

2. Calculation Equation

3. Sources of Uncertainty

4. Measurement Equation

5. Sensitivity Coefficients

6. Assigning Uncertainties

7. Combining your uncertainties

8. Expanding your uncertainties
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Sensitivity coefficients (1)

• By differentiation

Easy to derive for calculation equation components

of this particular example 

Component Sensitivity coefficient Relative radiance

uncertainty due to …
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Component Sensitivity coefficient Relative radiance

uncertainty due to …

Lamp irradiance
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From calibration 

certificates
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Certificate uncertainties (1)
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certificates almost 

always quote 

uncertainties at k = 2 !
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Certificate uncertainties (2)
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Radiometric quantities 

integrated over passband

function of radiometer being 

calibrated, allowing for its 

spectral response function; 

may require interpolation

See course book Chapter 7 for 

more details about integration 

and interpolation
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Certificate uncertainties (3)
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Certificate may not give required quantity 

(modelling may be needed to obtain desired 

quantity): read it carefully! 
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Measurement equation: allowing for additional 

effects
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Component Sensitivity coefficient Relative radiance

uncertainty due to …

Lamp irradiance
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e.g. from resolution of distance 

measuring instrument 
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Rectangular uncertainty distributions 

 use use2 u d d

Resolution of distance measuring instrument = 0.1 mm

Measurement distance = 500.0 mm

Uncertainty in irradiance from distance measurement = 

2 × 0.006 % = 0.012 %

𝑎

3

Uncertainty associated with distance measurement = 

(0.05 / 500) / 3 = 0.006 %

Full width = 2 a
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Uncertainties of calculation equation 

components (3)
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Uncertainty of additional effects (1)
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Statistical analysis of repeated 

measurements

Repeat measurements with 

realignment of the lamp



NPL Management Ltd - In Confidence

Uncertainty of additional effects (2)

• Negligible instrument drift 

in controlled lab environment

light_stab stray dark_sS light da tark bK K KV V V

0.7 DN change during 

45 minute constant run
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Uncertainty of additional effects (3)
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Historical calibration records; data 

from other researchers
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Uncertainty of additional effects (4)

Average change = 0.083 % 

between each calibration

Treat as rectangular, half 

width = 0.083 %
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Uncertainty of additional effects (5)
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By measurement
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• Room stray light negligible

light_stab stray dark_sS light da tark bK K KV V V

Difference between detector dark reading and 

measurement with detector FOV obscured  

smaller than standard deviation of individual dark 

runs

Uncertainty of additional effects (6)
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Uncertainty of additional effects (7)
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By modelling (or by measurement)
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Uncertainty of additional effects (8)

Relationship between lamp current and irradiance modelled by: 

1. Consider effect of change in current on lamp power (Pelec ∝ I2 )

2. Assume direct relationship between lamp electrical and optical power

3. Assume lamp behaves similarly to blackbody radiator for small changes in 

power i.e. relationship between power and temperature is Popt ∝ T4

4. So I2∝ T4or T ∝ I0.5. Relative change in T is half relative change in I

5. Determine spectral change in irradiance for BB associated with change in T

Treat current uncertainty as 

rectangular distribution
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Lamp current effect by modelling

• Suppose: 

• Lamp current uncertainty is 0.020 A

• Lamp current is 8.000 A

• Lamp CCT is 3000 K

• Therefore, by modelling:

• u(I) = 0.25 %

• u(T) = 0.125 %  (relative change in T is half relative change in I)

• Absolute uncertainty in T at 3000 K = 3.8 K

• Using Planck equation:

• Uncertainty in spectral irradiance is 1.70 % at 350 nm

• Uncertainty in spectral irradiance is 0.99 % at 600 nm
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Lamp current effect by measurement

• Suppose: 

• Lamp current uncertainty is 0.020 A

• Lamp current is 8.000 A

• Lamp CCT is 3000 K

• We can measure the effect by:

• Measuring irradiance at a current of 8.000 A

• Measuring irradiance at a current of (say) 7.800 A (needs to be large enough 

difference to enable effect to be measured reliably)

• u(Ecurrent) = 0.1 x observed relative change in irradiance due to 0.200 A change 

in current

More details in course notes
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Uncertainty of additional effects (9)
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By combination of measurement 

and ‘modelling’
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Uncertainty of additional effects (10)

Measured uniformity and consideration of where 

radiometer is placed

Even if diffuser is perfectly uniform, non-uniformity 

due to lamp irradiance can be large, especially at 

short distances (inverse square law)

Worst case uncertainty 

is ± 1.5 %
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Combined uncertainty
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When to stop

Combined standard 

uncertainty = 1.63 %



NPL Management Ltd - In Confidence

When to stop

Combined standard 

uncertainty = 1.63 %
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When to stop

Combined standard 

uncertainty = 1.62 %
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RADIANCE CALIBRATION 2

Laboratory based 

Integrating sphere
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At the end of this module, you should 

understand

• The difference between calculation and measurement equations

• Why the measurement equation has more components

• Where do they come from

• How to develop a measurement equation 

• How to define additional components in the measurements equation

• When to stop adding them 

• How to determine the sensitivity coefficients

• Analytically

• Modelling

• Lab experiment

Integrating 

sphere
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Traceability chain

Cryogenic 

RadiometrySI

Transfer 

radiometer

Sphere

Instrument
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Calculation equations

Integrating
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Sources of uncertainty

Random noise

Instrument additional effects

• Stability (drift)

• Room stray light

Sphere effects

• Ageing

• Uniformity

• Stability

• Back reflection

• Environmental sensitivity

Calibration certificate

Random noise
Instrument additional effects

• Stability (drift)

• Room stray light

• Environmental sensitivity



NPL Management Ltd - In Confidence

light_stab stray dark_sS light da tark bK K KV V V

S light darkV V V 

Measurement equations, sensitivity 

coefficients and assigning 

uncertainties
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light_stab stray dark_sS light da tark bK K KV V V

S light darkV V V 

Statistical analysis of repeated 

measurements

Measurement equations, sensitivity 

coefficients and assigning 

uncertainties
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light_stab stray dark_sS light da tark bK K KV V V

S light darkV V V 

Measurement equations, sensitivity 

coefficients and assigning 

uncertainties

By measurement, using a small 

baffle to prevent direct radiation 

from sphere reaching detector
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Measurement equations, sensitivity 

coefficients and assigning 

uncertainties
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TR_dft stray temp lin
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Uncertainty due to noise on these 

evaluated by statistical analysis of 

repeated measurements

Measurement equations, sensitivity 

coefficients and assigning 

uncertainties
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TR_dft stray temp lin
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Stability of sphere during 

measurements; included in 

measurement of noise on detector 

signals and therefore taken as zero 

to avoid ‘double counting’  

Measurement equations, sensitivity 

coefficients and assigning 

uncertainties
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TR_dft stray temp lin
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Measurement equations, sensitivity 

coefficients and assigning 
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From calibration 

certificate
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TR_dft stray temp lin
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Measurement equations, sensitivity 

coefficients and assigning 

uncertainties

Historical calibration records; data 

from other researchers
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TR_dft stray temp lin
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By measurement e.g. by systematic 

investigation of change in signal as 

temperature of transfer radiometer 

or sphere is changed

Measurement equations, sensitivity 

coefficients and assigning 

uncertainties
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TR_dft stray temp lin
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By modelling or from 

repeated measurements 

using reference detector 

Measurement equations, sensitivity 

coefficients and assigning 

uncertainties

e.g. experimental investigation of change in 

reflectance of sphere coating following 

exposure to sphere light source, ‘sphere 

equation’ relating reflectance to sphere 

throughput, and time for which lamps have 

been operated between calibration with 

transfer radiometer and measurement with 

test radiometer  



NPL Management Ltd - In Confidence

Combined uncertainty
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Note: in this analysis, assume that uncertainties due to noise on 

readings and stray are negligible for test radiometer, so relative 

uncertainty associated with AL is same as that associated with LS
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Combined uncertainty

Note: in this analysis, assume that uncertainties due to noise on 

readings and stray are negligible for test radiometer, so relative 

uncertainty associated with AL is same as that associated with LS
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Combined uncertainty

Note: in this analysis, assume that uncertainties due to noise on 

readings and stray are negligible for test detector, so relative 

uncertainty associated with AL is same as that associated with LS
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CONCLUSIONS
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Conclusions

1. Traceability Chain

• Show linkage back to ‘point of trust’

2. Calculation Equation

• Equation for each step in measurement process / step in chain

3. Sources of Uncertainty

• Consider all factors that may affect result for each calculation equation

4. Measurement Equation

• Include all sources of uncertainty 

• Types of uncertainty (multiplicative, additive)

5. Sensitivity Coefficients

• Mathematically, from experimental investigations, or by modelling

6. Assigning Uncertainties

• Other information (e.g. certificates, historical data, other researchers), 

statistical analysis, experimental studies, modelling, or combination

7. Combining your uncertainties

• When to stop 

8. Expanding your uncertainties


