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Abstract: This paper describes the design, characterization and calibration of a high power transfer standard for 
optical power measurements in fibres based on an integrating sphere radiometer (ISR). This ISR can accurately 
measure powers between -50 dBm to +40 dBm and, because it uses two different detectors (Si and InGaAs) it is 
useful in the wavelength range from 400 to 1700 nm. 

The radiometer has been calibrated along the total spectral range of use against an electrically calibrated 
pyroelectric radiometer and different fibre laser diodes and ion lasers. The total uncertainty obtained is lower than 
±1.5% for these wavelength and power ranges.  

1.- Introduction. 

The proliferation of high power fibre lasers used to pump Raman amplifiers having output powers of 
several watts, at wavelengths as 1100, 1365, 1420, 1455, 1480 and 1495 nm, and the increasing demand 
of more precision and better accuracy in the measurement of the fiber nonlinear parameters drives the 
need to improve the calibration capabilities for absolute power measurements in fibres at levels from 0.5 
W to 10 W [1, 2]. 

Integrating sphere radiometers (ISR) have been demonstrated as a realizable system to develop 
fibre-optic power meter scales [3, 4, 5], and NIR spectral responsivity scales using a monochromator-
based cryogenic radiometers [6] or a laser-based cryogenic radiometer facilities [7].  

This paper presents the design, characterization and calibration of an ISR useful in the 400-1650 
nm wavelength range. The sphere radiometer has been calibrated at 0 dBm and using the linearity 
characterization of Si and InGaAs detectors and the measured properties of the ISR we have extended the 
results and estimated the uncertainties in the optical power range from -50 to +40 dBm.  

2.- Integrating sphere radiometer design. 

Figures 1 and 2 show the sphere radiometer design and the external aspect of the final device, 
respectively. It is composed of a Spectralon® integrating sphere and two detectors. The sphere has an 
internal diameter of 2-inches with 0.5-inch thick walls. Three ports have been opened in the sphere with 
90° orientation between each other. The input port has a 3 mm -diameter aperture and a FC fibre 
connector. The other two ports are used to place the two detectors, a 5 mm diameter Si detector (EG&G 
model G JUDSON UV-250B) and a 3 mm diameter InGaAs detector (Epitaxx ETX 3000). Two different 
BNC connectors, labeled ISR-Si and ISR-InGaAs provide the signal of the Si and InGaAs detectors 
respectively. Several adapters have been designed in order to ensure, by changing the distance 
fibre/sphere, that the maximum irradiance on the sphere wall does not overcome 1.7 W/cm2. This 
maximum  irradiance level was chosen to avoid optical damage in the Spectralon® surface. 

Figure 1: Integrating sphere radiometer (scheme). Figure 2: Integrating sphere radiometer.



 

 

3.- Integrating sphere radiometer characterisation. 

The radiometer characterization has been carried out by measuring the temperature coefficients and the 
linearity of the detectors before being attached to the sphere. The spatial non-uniformity, the spectral 
absolute responsivity and the connector effect were measured once they were adapted to the sphere. 

3.1.- Coefficient of temperature 

The temperature coefficient of the Si and InGaAs detectors were measured at two different temperature 
values (20º, 30ºC). The temperature coefficient of the Si detector oscillates between -0.06%/oC at 400 nm 
to +0.03%/oC at 900 nm. The InGaAs detector shows a temperature coefficient of less than +0.02%/oC 
between 1000 and 1650 nm and +0.2%/oC between 800 and 1000 nm. 

3.2.- Linearity 

The linearity of the sphere radiometer depends basically on the linearity of the detectors. In particular, Si 
and InGaAs detectors are highly linear when they are illuminated within their active area [9]. In order to 
ensure illumination within the collection ring of the detector, two apertures of 1.0 and 1.3 mm of 
diameter have been placed just in front of the Si and InGaAs detectors respectively. These apertures 
operate as attenuators without any kind of wavelength dependency. Additionally, the size of the apertures 
has been designed so as to avoid saturation of the detectors for 10 W of input power. 

In order to evaluate the residual non-linearity in this configuration, we have measured the 
linearity of the detector and aperture sets in the same disposition as they are placed in the radiometer. We 
used a radiation of high numerical aperture to simulate the output port of the sphere. The superposition 
method described in [9] was used to measure the linearity over the full range of the InGaAs detector at 
1550 nm. Based on the results of Boivin [6], the linearity of InGaAs detectors remains essentially the 
same in the range from 1200 nm to 1650 nm.  

Figures 3 and 4 show the non-linearity of the detectors and its uncertainty (k=2) for both Si and 
InGaAs detectors, before being attached to the sphere radiometer. In the upper axis of these figures we 
represent the equivalent power level in the ISR calculated with their responsivities at 632.8 and 1550 nm 
respectively. The insets of both figures show the saturation levels estimated for the radiometer, 43.2 dBm 
for the ISR-Si (9.36 mA in the photodiode current) and +38.5 dBm for the ISR-InGaAs (6.46 mA in 
photodiode current). The maximum nonlinearity found in the range between -50 and +30 dBm was +0.01 
dB, with an uncertainty of 0.022 dB (0.394%, k=2) in the ISR-Si, and -0.013dB, with an uncertainty of 
0.016 dB (0.36 %, k=2) for the ISR-InGaAs.  

 
Figure 3: Linearity of the ISR-Si . The inserted figure shows the 

behaviour near the saturation point. 

 
Figure 4: Linearity of the ISR-InGaAs. The inserted figure shows the 

behaviour near the saturation point 
3.3.- Spatial non-uniformity of response 

The spatial uniformity of the radiometer has been measured for the two detectors (ISR-Si and ISR-
InGaAs) using collimated light. For the Si detector a He-Ne laser was used as the source while for the 
InGaAs detector a 1550 nm laser diode was employed. Figures 5 and 6 show the results obtained in both 
cases . The 1/e2 beam waist used in the experiment was 1.2 mm, so that 99% of the power remained 
within a spot of 1.75 mm of diameter. In this area the standard deviation of the mean of the obtained 
responsivity values is 0,033% for the ISR-Si and 0,029% for the ISR-InGaAs.  



 

 

  
Figure 5: Spatial non-uniformity of response for Si detector. 

 
Figure 6: Spatial non-uniformity of response for ISR-InGaAs  

3.4.- Absolute spectral responsivity measurement. 

The absolute spectral responsivity calibration of the ISR has been performed by direct comparison with 
an Electrically Calibrated Pyroelectric Radiometer (ECPR) model RsP 590 with RS5900 display, 
manufactured by Laser Probe Corp., USA [10]. This ECPR radiometer is traceable to our absolute 
cryogenic radiometer [7]. Four tunable laser diodes covering the range between 1250-1650 nm were used 
in a calibration setup similar to the one used in reference [12]. At 850 nm a multimode laser diode has 
been used. For the visible range we used the emission lines of an Ar and a He-Ne laser. 

The beam spots were within 1.3 ± 0.2 mm at 1/e2 irradiance diameter for all cases. An aperture of 
3 mm diameter was used in the ECPR in order to minimize the scattered light. 1 mW optical power was 
used for all the measured wavelengths and this value was controlled by a monitor detector.  Figure 7 
shows the spectral responsivity and its uncertainty (k=2) obtained as result of the described process. 
Some inconsistencies in the results of the spectral responsivity have been found for wavelengths lying 
between 1340 to 1440 nm due to water absorption. 

 
Figure 7: Spectral relative responsivity of the radiometer in the water 

vapour absorption region. 

Table 1: Error due to connector effect. 
Wavelength (nm) R(λ) σ % 

850 1.412E-04 3.43E-07 0.24 
1300 8.480E-04 2.20E-06 0.26 
1475 9.152E-04 2.38E-06 0.26 
1550 8.975E-04 2.33E-06 0.26 
1625 8.290E-04 2.38E-06 0.29 

Medium value (%)  0.26  

3.5.- Effect of the connector and numerical aperture 

We have studied the variation of the ISR responsivity for different connectors and adapters determining 
different numerical apertures. To measure this variation, the sphere was calibrated by comparison with 
another integrating sphere radiometer. Table 1 shows the results at 850, 1300, 1477, 1550 and 1625 nm 
and the standard deviation of the mean obtained. 

4. Uncertainty budget for the sphere radiometer calibration. 

The sources of uncertainty identified in the calibration of the sphere radiometer are related to the transfer 
standard (ECPR), the characteristics of the sphere radiometer and the calibration setup. The contributions 
of the different sources of error to the final calibration uncertainty of the radiometer are summarized in 
Table 2. The uncertainties related to the ECPR radiometer are the calibration constant uncertainty, 



 

 

traceable to our absolute cryogenic radiometer [7], the spatial uniformity, the resolution of the radiometer 
display and the type A uncertainty estimated from six independent measurements. Additionally, to use 
the ISR, a picoamperimeter is needed (in our case the VINCULUM SP045) for which the resolution, 
gain, drift and type A uncertainties have been considered. Finally, the contribution to the uncertainty of 
the radiometer characterization, the temperature coefficient, the linearity, the spatial non-uniformity and 
the connector effect have been considered. The results obtained show a total expanded uncertainty lower 
than ±1.5 % (k=2) in all the useful wavelength range and for power levels from -50 dBm to +40 dBm. 

Table 2: Uncertainties in the calibration of the integrating sphere radiometer with the ECPR. 

ISR-Si ISR-InGaAs Source of error 
Valour (%) Valour (%) 

ECPR calibration constant 0.200 0.200 
ECPR power measurement 0.100 0.100 
ECPR resolution 0.020 0.020 
ECPR wavelength response 0.165 0.165 
ECPR spatial uniformity) 0.100 0.100 
ISR current measurement 0.200 0.200 
ISR resolution) 0.030 0.030 
Picoamperimeter calibration 0.025 0.025 
Picoamperimeter drift 0.020 0.020 
ISR spatial uniformity 0.033 0.029 
ISR temperature coefficient 0.240 0.080 
Connector effect (ISR) 0.260 0.260 
ISR linearity (-50 dBm a 40 dBm) 0.495 0.360 
Relative standard uncertainty (k=2) 1.416 1.156 

5.- Conclusions.  

We have described the design, construction and characterization of a sphere radiometer useful for laser 
and optical fibre power meter calibrations. The radiometer is uses two different detectors (Si and 
InGaAs) so that it covers the wavelength range between 400 and 1700 nm. The calibration was done by 
direct comparison with an electrically calibrated piroelectric radiometer. Using the linearity factors of the 
detectors, we extend the radiometer calibration up to +40 dBm, with an estimated uncertainty lower than 
±1.5 % (k=2) in the full spectral range.  
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