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Annex D Receiver Performance Variation on Multiple Color Channels (Informative)
Many applications using colored light sources can be considered in VLC. For example, figure D1 describes the scenario that a VLC receiver receives some information from traffic signal light sources with color “A” and color “B”. Figure D2 describes that an user with a VLC receiver can get the audio information from a color “A” lamp, the video information from a color “B” lamp, or the navigation information from a color “C” lamp. Figure D3 shows that the multiplexing technologies such as WDM(Wavelength Division Multiplexing) can be applied to VLC applications using colorful light sources. 

Most of users in these cases will require that the VLC services using multiple color channels according to the VLC band plan should be attained by only one VLC receiver. It means that there are some interoperability problems if a VLC receiver shows high receiver performance only on, for example, the color “A” channel but it doesn’t show the same performance on the color “B” or color “C” channel as on the color “A” channel. Therefore, a VLC receiver may desire to have the same performance on each color channel because users will want that the performance of a VLC receiver will be maintained uniformly on every color channels according to VLC band plan. 
However, there are two main factors from which the performance variation of a VLC receiver according to multiple color channels can arises. One is the conversion relations between the radiometric and photometric units when the received signal power going into a receiver is defined in VLC. The other is the photo sensitivity characteristics of a photo-detector such as Si photo-detector depends on the wavelength variation assuming such photo-detectors will be used as a receiver in VLC.
First, suppose that there are two light sources or VLC transmitters with red color and green color respectively and a VLC receiver to perceive the variation of received powers under the multiple color channels which originates from the conversion relations between the radiometric and photometric units. Also suppose that each color light radiates from two light sources at the same divergence angle, and they radiates with the same luminous flux, lumen, so that human eye feels the same brightness when human eye see two light sources respectively at the same distance. However, what each color light radiates with the same luminous flux means that the radiation powers of two light sources in radiometric power, Watt, are different each other, which is the meaning of CIE sensitivity curves. CIE sensitivity curves indicate human eye feels that the green light is brighter than red light when the radiometric radiation powers of two light sources are equal. Therefore, the radiometric received powers of a receiver are different on red and green channels, respectively, even though the divergence angles and luminous fluxes of two light sources are equal, the same receiver is used, and the distances between the receiver and the light source are equal.
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Figure D1 – A VLC application using traffic signal light sources
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Figure D2 – A VLC application using colorful light sources
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Figure D3 – A VLC application using WDM technology
Of course, the VLC light source power can be also defined in radiometric unit, Watt. However, it is more reasonable that the light source power is defined in photometric unit because the light sources will be used not only for a VLC transmitter but also for illumination or visual display related to human eye.
Table D1 describes the receiver input powers calculated in Watt from the assumption that the lights of 1 lumen on 7 color bands according to VLC band plan reach the receiver input. The assumption that the lights have only their center wavelength monochromatic component on each color band is also used for simple calculations. V() is the human eye sensitivity function which indicates CIE sensitivity curves.
Table D1. Receiver input power calculated in Watt from the assumptions that the lights of 1 lumen on 7 bands according to VLC band plan reach a VLC receiver input and the lights have only their center wavelength monochromatic component on each color band.
	Wavelength Band

(nm)
	Spectral Width

(nm)
	Center Wavelength

(nm)
	V()

at Center Wavelength
	Receiver Input Power (Watt) @ 1 lm

	380
	450
	70
	415
	0.0118
	0.1241

	450
	510
	60
	480
	0.1390
	0.0105

	510
	560
	50
	535
	0.9151
	0.0016

	560
	600
	40
	580
	0.8700
	0.0017

	600
	650
	50
	625
	0.3205
	0.0046

	650
	710
	60
	680
	0.0170
	0.0861

	710
	780
	70
	745
	0.0002
	7.3206


Reference : E. Fred Schubert, Light-Emitting Diodes, Cambridge University Press, 2003.
Second factor causing the performance variation of a VLC receiver according to multiple color channels is the photo sensitivity characteristics of optical receivers such as Si photo-detectors depends on wavelength. Figure D4 shows the photo sensitivity characteristics of a Si photo-detector according to the wavelength variation. It has been known that the photo sensitivity value of Si photo-detector is higher on longer wavelength than on shorter wavelength in visible band as shown in figure D4. Figure D4 shows that a Si photo-detector produce more electrical current on red color channel than on green or blue color channel even though the radiometric received powers on each color channel are equal. 
Table D2 shows the photo-detector output current obtained from both the wavelength dependence of photo sensitivity shown in figure D4 and the conversion relations between the radiometric and photometric units described in table D1. The photo-detector output currents in table D2 were calculated only at 480nm, 535nm, and 625nm among the center wavelengths in 7 color bands according to VLC band plan for convenience. 
Eventually table D2 also means that a VLC receiver with Si photo-detector reacts differently on multiple color channels even though the radiometric received powers are equal on each color channel. Therefore, two main factors, the unit conversion and the photo sensitivity of a photo-detector depending on wavelength, need to be sufficiently considered in order that the performance of a VLC receiver can be maintained uniformly on multiple color channels.
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Figure D4 – An example of photo sensitivity characteristics of a Si photo-detector depending on wavelength 
Table D2. Photo-detector output current calculated from the photo sensitivity values in figure D4 and the same conditions as table D1 
	Center Wavelength

(nm)
	Receiver Input Power (Watt) @ 1 lm
	Photo Sensitivity (A/W)
	Photo-detector Output Current (mA) @ 1 lm

	480
	0.0105
	0.25
	2.63

	535
	0.0016
	0.30
	0.48

	625
	0.0046
	0.42
	1.93
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