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1. Nomenclature

	Symbol
	Declaration

	□(b)
	Binary representation of □

	{.}A/D
	A/D converted value of {.}

	{.}D/A
	D/A converted value of {.}

	(k
	D/A scaling factor for color k

	(k
	A/D scaling factor for color k

	a
	One-dimensional quantity



	a


	Column vector



	A
	Matrix

	ekl
	Sensitivity of photo detector for colour l when receiving colour k [A/W]

	i
	ac. current [A]

	I
	Current [A]

	IDC
	Bias current

	p
	a.c. component of optical power [W]

	P
	Optical power [W]

	PD
	Photodetector

	qk
	~ quantum efficiency for LED of color k [W/A]

	r, g, b
	Signals for red, green, and blue

	Rx
	Receiver

	s
	Signal

	t
	Time [s]

	tkl
	Transmittance from LED k to photodetector l

	T
	Transmittance matrix [unit 1]

	Tx
	Transmitter


2. Description of use case

The quantum efficiency of LEDs are dependent on their operation time and age and also on various environmental conditions, temperature being the most important factor. When using CSK modulation this leads to a change of the center of gravity and a distortion of the CSK constellation diagram of the emitted signal. Clause 6.9.2.2.2 describes how the receiver adapts to such changes when. In this Clause we describe how an extension of the same mechanism can be used for counteracting the above change on the transmitter side and hence to stabilize the color of the light emitted. Notice that this compensation scheme only is applicable to duplex links.

3. Control loop

The control-loop model for the color-stabilization scheme is shown in Figure X 1. Calibration sequences as discussed in Clause ‎4 are sent from the tri-band Tx to the tri-band Rx, where they are used to calculate compensation factors for the driving currents fed back to the LEDs in the tri-band Tx. A back link is used to relay these factors back to the tri-band Tx, where they are used to correct the LED driving currents in order to compensate for the distortion of the CSK constellation diagram and its misplaced center of gravity.
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Figure X 1 – Control loop for a color-stabilized CSK link. The calibration sequences are discussed in detail in Clause ‎4. The back link used for routing the compensation factors back to the tri-band Tx does not need to be a CSK link.
4. PHY-layer mechanism
4.1. Equal ac and dc quantum efficiency
First, we discuss the case for which the characteristic functions of the employed LEDs are (close to) linear, and the quantum efficiency for dc driving currents is the same as for ac driving currents. Figure X 2 displays the alteration of the characteristic function due to a change in quantum efficiency. For an ac driving current i the initial radiant power drops from p0 to p’0. In order to regain the radiant power p0 the driving current has to be changed to i’. The compensation factor for the ac current is defined as
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In the following we explain how the compensation factors are inferred from the channel matrix H for a CSK link.
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Figure X 2 – Characteristic curve of an LED (radiant power as a function of driving current) for two quantum efficiencies and ac driving currents. 
As shown in Figure X 3 the signals to be transmitted, viz.
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, are translated into the ac current vector iTx by aid of D/A convertors. The ac component of the tri-band optical output of the transmitter is, according to 
Figure X 4
, given by
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where the elements of the diagonal matrix Q are proportional to quantum efficiencies of the LEDs in each band. Only a portion t of the emitted ac radiant power in each band is detected by the detectors on the receiver side. 
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Figure X 3 – Definition of system vectors and matrices for a CSK link.

According to Figure X 3 and
Figure X 4
 the received ac radiant power is
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and the pertinent ac current output of the photodetectors 
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where E represents the spectral sensitivity of the photodetectors. In a next step the ac currents are translated into digital representations, viz.
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, by aid of D/A convertors. 
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Figure X 4 – Definition of further transfer matrices for a CSK link.
So, in essence, the relation between the transmitted and received signal is given by

[image: image11.wmf]{

}

{

}

,

A/D

D/A

(b)

Tx

(b)

Rx

s

BETQA

s

=


and the channel matrix H is defined as 
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the elements of which are estimated by aid of the scheme outlined in Clause 6.9.2.2.2.

A change in the quantum efficiency of an LED in any of the three bands, i.e. q ( q’, results in the change of matrix Q to Q’ and thus to a change of the channel matrix H to H’.
 Instead of adjusting the received signals according to the compensation scheme in Clause 6.9.2.2.2 compensation factors for the driving currents of the CSK-modulated Tx are inferred and relayed back to Tx. A diagonal matrix of compensation values is chosen so that
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and thus
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for a sufficient bit resolution of the A/D and D/A convertors. With the above definitions one finds that
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Figure X 5 – Implementation of a color-stabilized CSK link. In the CSK receiver a channel-estimation module in the receiver estimates compensation factors and sends them back to the CSK transmitter via an additional channel.



4.2. DC quantum efficiency different from ac quantum efficiency
For practical LEDs the dc characteristic function is different from the corresponding ac function due to, e.g., saturation and a thermal inertia of the LED module. 
For the estimation of the dc correction factors one sends each of the four Walsh slots displayed in Figure 3y so many times over that the LEDs have reached their thermal equilibrium. However, the length of the total training sequence has to be shorter than the inverse of the cuff-off frequency. The last receive values at end of each Walsh slot are then used to estimate a channel Matrix HDC. The DC compensation values are inferred with the same scheme as in Clause ‎4.1. In terms of a nonlinear characteristic dc curve, more than one iteration is needed in order to arrive at the initial center of gravity for the CSK constellation diagram. This iteration only converges in case the characteristic dc curve is strictly monotonic.

5. MAC-layer mechanisms
5.1. General guidelines for estimation of the compensation factors

In order for the proposed compensation scheme to function a reference setting of the channel matrix H is needed. In the following this reference is referred to as H0. Recurring estimations of the channel matrix at time tc result in the estimates Hc. If the elements of Hc differ significantly from those of the diagonal elements of H0, the ac driving currents are corrected with the diagonal elements of 
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. A decision about whether an update can be made by the value of the diagonal elements of C(b) itself. If these values differ significantly from 1, an update of the current compensation factors is made. Whether this difference is significant can either be decided by preset value (e.g., 5% difference) or the decision threshold can be estimated from the data itself. One example is to acquire a histogram of the diagonal values of C(b). A significant value can then be defined as a value of the diagonal elements lying outside a pre-defined confidence interval, e.g. the 95% confidence interval.
In order to avoid damage or saturation of the LEDs or a bit-level saturation of the A/D and D/A convertors, one can introduce a-priori maximum levels for the three values in 
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Change that affects all channels similarly, e.g. a change in the link length, can be identified by comparing all diagonal values of C(b). If all elements experience the same relative change the compensation factors for the Tx driving currents shall not be updated.
All of the above applies in spirit to the scheme outlined in Clause ‎4.2. 

If the center of gravity is to be moved, e.g. for a CSK-modulated lighting device, the output color of which is to be changed upon a user request, the updated of the compensation factors has to be suppressed while this change is conducted. After the move, H0 has to be updated in order to represent the new color setting. 

If the off-diagonal elements of C(b) significantly differ from zero this indicates other impairments of the CSK-modulated link than those hither discussed. An example for such impairment is the blocking of only one of the photodiodes on the receiver side against cross talk. E.g., photodiode i still receives light emitted from LED i, but not longer from the other bands. In such a case the Tx driving current shall not be compensated for. Instead one can use this information for, e.g., error messages created by the CSK-modulated Tx, the Rx, or both. Another option is to update H0 and to use the update for further compensation.
5.2. MAC-layer signaling

























�To be merged with main nomenclature clause


�@ Sridhar, Atsuy: too long?


�@ Sridhar, Atsuy: Can propably be replaced with one short sentence. I assume that we just show in the standard text how the compensation scheme works, not why. What do you think?


� @ Sridhar, Atsuy: Propose to replace with one sentence and the final equation.


�@ Sridhar, Atsuy: Important figure. My plea is to keep it.


�@ Sridhar, Atsuy: Delete?


�@ Sridhar: Shall we keep this section to the MAC layer move it to the PHY layer? What parts should be kept?


�@ Sridhar: In progress. More tomorrow.
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