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CONTROLLING POWER TO
LIGHT-EMITTING DEVICE

TECHNICAL FIELD

[0001] Embodiments of the invention described herein
relate generally to light-emitting devices, and more particu-
larly to controlling power to light-emitting devices.

BACKGROUND

[0002] Computer systems and other electronic systems
provide for a large number of stationary, mobile, portable
and hand-held devices. These systems generally comprise a
user interface with a display and keys. The display may
comprise light-emitting elements, such as light-emitting
diodes, for displaying information or for illuminating the
display. Furthermore, the keys, that may be arranged in a key
pad, may comprise light-emitting elements, such as light-
emitting diodes, for illuminating the keys or providing
information to the user on the keys. As physical dimensions
of these devices grow smaller and demands on the displays
and keys grow larger, power consumption of these systems
in general and the light-emitting devices in particular plays
an important role.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] While the specification concludes with claims par-
ticularly pointing out and distinctly claiming that which is
regarded as the invention, a more particular description of
the invention will be rendered by reference to specific
embodiments thereof, which are depicted in the appended
drawings, in order to illustrate the manner in which embodi-
ments of the invention are obtained. Understanding that
these drawings depict only typical embodiments of the
invention, that are not necessarily drawn to scale, and,
therefore, are not to be considered limiting of its scope,
embodiments will be described and explained with addi-
tional specificity and detail through use of the accompanying
drawings in which:

[0004] FIG. 1 shows a schematic diagram of an embodi-
ment of the invention;

[0005] FIGS. 2a to 2d show schematic diagrams of con-
figurations of the light-emitting device;

[0006] FIG. 3a shows a schematic diagram of another
embodiment of the invention;

[0007] FIG. 3b shows time-domain representations of
several signals for the embodiment shown in FIG. 3a;
[0008] FIG. 4 shows a schematic diagram of yet another
embodiment of the invention;

[0009] FIG. 5a shows a schematic diagram of a configu-
ration of a variable on-time generator and a constant off-time
generator,

[0010] FIG. 56 shows a schematic diagram of a configu-
ration of a variable on-time generator and a variable off-time
generator,

[0011] FIG. 5¢ shows a schematic diagram of a configu-
ration of an on-time generator and a dependent off-time
generator,

[0012] FIG. 5d shows a schematic diagram of a configu-
ration of a variable on-time generator and a dependent
controllable off-time generator;

[0013] FIG. 5e shows a block diagram of the configuration
shown in FIG. 5d;
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[0014] FIG. 6 shows a schematic diagram of a control
system according to the embodiment of the invention shown
in FIG. 4;

[0015] FIGS. 7a to 7c¢ show representations of control
ranges for on-time duration T, and off-time T, for different
peak supply currents I , .. and different light-emitting
device voltages V;

[0016] FIG. 8a shows time-domain representations of an
on-time duration T, and an off-time duration T, for increas-
ing light emission from 0 during a dim on operation;
[0017] FIG. 86 shows time-domain representations of an
on-time duration T, and an off-time duration T, for decreas-
ing light emission to 0 during a dim-off operation; and
[0018] FIG. 9 shows a schematic diagram of a further
embodiment of the invention.

DETAILED DESCRIPTION

[0019] Inthe following detailed description of the embodi-
ments, reference is made to the accompanying drawings
which form a part hereof and show, by way of illustration,
specific embodiments in which the invention may be prac-
ticed. In the drawings, like numerals describe substantially
similar components throughout the several views. The
embodiments are intended to describe aspects of the inven-
tion in sufficient detail to enable those of skill in the art to
practice the invention. Other embodiments may be utilized
and structural, logical or electrical changes or combinations
thereof may be made without departing from the scope of the
invention. Moreover, it is to be understood, that the various
embodiments of the invention, although different, are not
necessarily mutually exclusive. For example, a particular
feature, structure or characteristic described in one embodi-
ment may be included within other embodiments. Further-
more, it is to be understood, that embodiments of the
invention may be implemented in discrete circuits, partially
integrated circuits or fully integrated circuits or program-
ming means. Also, the term “exemplary” is merely meant as
an example, rather than the best or optimal. The following
detailed description is, therefore, not to be taken in a limiting
sense, and the scope of the invention is defined only by the
appended claims, along with the full scope of equivalents to
which such claims are entitled.

[0020] Reference will be made to the drawings. In order to
show the structures of the embodiments most clearly, the
drawings included herein are diagrammatic representations
of inventive articles. Thus, actual appearance of the fabri-
cated structures may appear different while still incorporat-
ing essential structures of embodiments. Moreover, the
drawings show only the structures necessary to understand
the embodiments. Additional structures known in the art
have not been included to maintain clarity of the drawings.
It is also to be understood, that features and/or elements
depicted herein are illustrated with particular dimensions
relative to one another for purposes of simplicity and ease of
understanding, and that actual dimensions may differ sub-
stantially from that illustrated herein.

[0021] In the following description and claims, the terms
“include”, “have”, “with” or other variants thereof may be
used. It is to be understood, that such terms are intended to
be inclusive in a manner similar to the term “comprise”.
[0022] In the following description and claims, the terms
“coupled” and “connected”, along with derivatives such as
“communicatively coupled” may be used. It is to be under-
stood, that these terms are not intended as synonyms for
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each other. Rather, in particular embodiments, “connected”
may be used to indicate, that two or more elements are in
direct physical or electrical contact with each other. How-
ever, “coupled” may mean that two or more elements are in
direct contact with each other but may also mean that two or
more elements are not in direct contact with each other, but
yet still co-operate or interact with each other.

[0023] In the following description and claims, terms,
such as “upper”, “lower”, “first”, “second”, etc., may be
only used for descriptive purposes and are not to be con-
strued as limiting. The embodiments of a device or article
described herein can be manufactured, used, or shipped in a
number of positions and orientations.

[0024] FIG. 1 shows apparatus 10 in accordance with an
embodiment of the invention, that is a computer system or
other electronic system. In some embodiments, apparatus 10
forms part of a stationary, mobile, portable or hand-held
device, such as a mobile telephone, such as a Global System
for Mobile Communications (GSM) or Universal Mobile
Telecommunications System (UMTS) telephone, or a cord-
less telephone. In some embodiments it may be a Digital
Enhanced Cordless Telecommunications (DECT) telephone.
In some embodiments, the apparatus 10 provides illumina-
tion for the computer system or the electronic system, for
example for a display, backlit display, key or keys of a key
pad.

[0025] InFIG. 1, apparatus 10 comprises a generator (SG)
100, a switching element (S) 110, an inductive element (1)
130 and a unidirectionally conductive light-emitting device
(D) 140, which in some embodiments is a light emitting
diode. Light emitting device 140 emits light when current is
passed through it in its conductive direction and is non-
conducting and non light-emitting when the voltage across
it back biases its diode junction. In various embodiments,
light can be produced by a light emitting diode or, in some
embodiments, by a light source which has unidirectional
current conducting capability. In some embodiments, the
unidirectional conductive light emitting device is a light
source with bi-directional current conducting capability
coupled in series with an element which has a unidirectional
current conducting capability. In this document, light emit-
ting device 140 shall be considered to be unidirectionally
conductive unless otherwise specified

[0026] The apparatus 10 may further comprise a resistive
element (R) 120. Apparatus 10 is coupled to a power supply
(PS) 150. In some embodiments, power supply 150 may be
a mains adapter, a battery or a rechargeable battery. Power
supply 150 provides a supply voltage, Vs, between a
positive terminal (+) and negative terminal (-). Thus, the
power supply 150 provides a direct current (DC). The
inductive element 130 is coupled in parallel to the light-
emitting device 140. The inductive element 130 and the
light-emitting device 140 are coupled to the power supply
150, for example to the positive terminal, and to the switch-
ing element 110. In some embodiments, the switching
element S 110 is coupled to the power supply 150, for
example to the negative terminal. In other embodiments it is
coupled to the power supply PS 150 via the resistive element
120, for example a resistor or a shunt.

[0027] In some embodiments, a generator 100 is coupled
to the switching element 110 to switch it repeatedly between
a charged state during which the inductive element 130 is
charged by coupling it to receive current from the power
supply, while the light-emitting device is back-biased and
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non-conducting, and a discharged state during which the
inductive element 130 is discharged through the light-
emitting device 140. In some embodiments, the generator
100 is a signal generator, for example a square-wave signal
generator, generating a signal having an on-time of duration
T, and an off-time of duration T,. In some embodiments, the
generator SG 100 may have an input, for example a control
input for controlling duration of the on-time interval while
the switch is conductive and/or duration of an off-time
interval when the switch is non-conductive, based on a
feedback signal, that may originate, in some embodiments,
from a comparing element, or in some embodiments from a
timing signal.

[0028] In some embodiments, switching element 110 may
be a switch or transistor, such as a bipolar transistor or
field-effect transistor (FET), such as an n-channel FET. The
light-emitting device D 140 may comprise a light-emitting
diode (LED), such as an organic LED (OLED) or polymer
LED (PLED). The light-emitting device may emit red,
green, yellow or blue color, or a combination thereof, for
example white color. A light-emitting diode emitting white
color usually has a high on voltage. In some embodiments,
the light-emitting device D 140 may comprise a plurality of
light-emitting elements, that may be coupled in series, in
parallel or mixed as discussed with reference to FIG. 2.

[0029] In some embodiments, the light-emitting device
140 provides illumination for a backlit display, key or keys,
or a display such as a dot-matrix or segment, for example
7-segment, display. In some embodiments, for touch-sensing
applications, light-emitting device 140 comprises bi-direc-
tional LEDs. While, in some embodiments, the light-emit-
ting device 140 comprises at least one light-emitting diode,
in some other embodiments, the light-emitting device 140
comprises a valve element, such as a diode, coupled in series
to a non-directional light-emitting element, such as a bulb.
In some embodiments, the light-emitting device 140 may
further comprise a resistive element (not shown) coupled in
series in order to limit current the forward current, I,
passing through the light-emitting device 140.

[0030] The light-emitting device 140 comprises a p-side
terminal, that is an anode, and an n-side terminal, that is a
cathode. The p-side terminal of the light-emitting device 140
is coupled to the negative terminal of the power supply 150,
and the n-side of the light-emitting device 140 is coupled to
the positive terminal of the power supply 150 such that the
supply voltage V . does not drive supply current I, through
the light-emitting device.

[0031] During on-time of duration T, of the generator 100,
switching element 110 is closed, and the inductive element
130 receives current so that it is “charged”. During off-time
of duration T, of generator 100, the switching element 110
is opened and a light-emitting device drive current 1, flows
through the light-emitting device 140, and the inductive
element 140 is discharged as its magnetic field collapses,
driving an inductive discharge current through light-emit-
ting device 140. In some embodiments, duration of the
charge state may be variable, that is duration of the charge
state may be prescribed or controlled in relation to a peak
current I .., that may be detected by a comparing ele-
ment, such as a comparator (not shown). In some embodi-
ments, duration of the discharge state may be fixed, pre-
scribed in relation to supply voltage V¢ and on-voltage of
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the light-emitting device 140 or may be determined by a
calculation such as discussed with reference to FIG. 5, for
example.

[0032] A feature of some embodiments of the apparatus 10
includes a reduced number of discrete and external compo-
nents thereby reducing overall cost compared to techniques
that employ Schottky diodes and block capacitors. In some
embodiments, a feature of the apparatus 10 is reduced power
consumption. Reduced power consumption may result in
increased efficiency and reduced costs in terms of a cheaper
stationary, mobile, portable or hand-held device, reduced
costs of operation or both.

[0033] Some conventional systems utilize DC/DC boost
converters. However, implementation of such DC/DC boost
converters requires a number of discrete, that is chip-
external components. Furthermore, flexibility of DC/DC
boost converters is limited. If a higher voltage is employed,
implementation of the DC/DC boost converter requires a
discrete switching transistor. However, owing to utilization
of the discrete switching transistor the light-emitting device
may not be fully separated from the supply voltage. As a
consequence, a leakage current may flow through the light-
emitting device. As a consequence power may be consumed
without any desirable effect such as light generation.
[0034] Alternatively, other conventional systems may uti-
lize charge pumps. However, utilization of charge pumps
may not be cost-efficient if a plurality of light-emitting
devices are coupled in series.

[0035] In some embodiments of the invention, apparatus
10 provides for higher flexibility in terms of configuration of
the light-emitting device 140, such as serial, parallel or
mixed coupling of light-emitting elements. The light-emit-
ting device 140 may also be fully disconnected from the
power supply 150, thus, avoiding leakage current through
light-emitting device 140.

[0036] In some embodiments, as light emission of the
light-emitting device 140 is controlled by duration T, of the
charge state, that is on-time, and duration T, of the discharge
state, that is off-time, variations of device characteristics in
the inductive element 130, light-emitting device 140, and
power supply 150, that are time-dependent, is compensated
by calibrating apparatus 10.

[0037] FIG. 2 shows several embodiments of connection
configurations of the light-emitting device.

[0038] FIG. 2a shows an embodiment of light-emitting
device 20a comprising two light-emitting elements 201a
and 202a, such as light-emitting diodes. Light-emitting
elements 201a and 202qa are coupled in series. If the light-
emitting elements 201a and 2024 are light-emitting diodes,
a p-side terminal of a first light-emitting diode 201a is
coupled to an n-side terminal of a second light-emitting
diode 2025.

[0039] The light-emitting elements 201a and 2024 may be
of a same type or different types. The light-emitting device
20a may further comprise at least one resistive element (not
shown) such as a resistor, coupled in series to the light-
emitting elements 201a and 202a, that controls or limits
current through the light-emitting device 20a.

[0040] FIG. 26 shows an embodiment of a light-emitting
device 205 comprising two light-emitting elements 2015
and 2024, such as light-emitting diodes. The light-emitting
elements 2015 and 2026 are coupled in parallel. If the
light-emitting elements 2016 and 2025 are light-emitting
diodes, n-side terminals of the light-emitting diodes are
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coupled together, and p-side terminals of the light-emitting
diodes are coupled together. The light-emitting device 205
may further comprise at least one resistive element (not
shown), such as a resistor, coupled in series to the light-
emitting elements 2015 and 2024, that controls or limits
current through light-emitting elements.

[0041] FIG. 2¢ shows an embodiment of a light-emitting
device 20¢ comprising light-emitting elements 201¢, 202¢
and 203¢, such as light-emitting diodes. Light-emitting
elements 201c¢ and 202¢ are coupled in parallel. If the
light-emitting elements 201c¢ and 202¢ are light-emitting
diodes, n-side terminals of the light-emitting diodes are
coupled together, and p-side terminals of the light-emitting
diodes are coupled together. The light-emitting device 203¢
is coupled in series to the parallel-coupled light-emitting
elements 201¢ and 202c¢. If the light-emitting elements 201c¢,
202¢ and 203c¢ are light-emitting diodes, a p-side terminal of
the light-emitting diode 203¢ is coupled to the n-side ter-
minals of light-emitting diodes 201c¢ and 202c¢. In some
embodiments, an n-side terminal of the light-emitting diode
203c¢ is coupled to the p-side terminals of the light-emitting
diodes 201c¢ and 202¢ (not shown). In some embodiments,
the light-emitting device 20¢ further comprises at least one
resistive element (not shown), such as a resistor, coupled in
series to the light-emitting elements 201c¢, 202¢ and 203c,
that controls or limits current through the light-emitting
elements.

[0042] FIG. 24 shows embodiments of a light-emitting
device 204 comprising light-emitting elements 201d, 2024
and 203d, such as light-emitting diodes. Light-emitting
element 2014 is coupled in series to light-emitting element
202d. If the light-emitting elements 2014 and 202d are
light-emitting diodes, a p-side terminal of light-emitting
diode 2014 is coupled to an n-side terminal of the light-
emitting diode 202d. Light-emitting element 203d is
coupled in parallel to the serial-coupled light-emitting ele-
ments 201d and 202d. For light-emitting diodes an n-side
terminal of the light-emitting 2034 is coupled to n-side
terminal of light-emitting diode 2014, and a p-side terminal
of light-emitting diode 2034 is coupled to the p-side terminal
of the light-emitting diode 2024. If the light-emitting ele-
ments 201d, 2024 and 203d are light-emitting diodes, a
p-side terminal of light-emitting diode 2014 is coupled to an
n-side terminal of light-emitting diode 2024. In some
embodiments, the light-emitting device 20d may further
comprise at least one resistive element (not shown), such as
a resistor, coupled in series to the light-emitting elements
201d, 202d and 2034, that controls or limits current through
the light-emitting elements.

[0043] FIG. 3a shows apparatus 30 in accordance with
another embodiment of the invention. Apparatus 30 com-
prises a signal generator 300, a transistor 310, such as an
n-channel FET having a source S, a drain D and a gate G,
a resistive element 320, an inductive element 330, a light-
emitting device 340, a reference supply 360, a voltage
divider 370 having voltage-divider resistive elements 371,
372, 373, a selecting element 380, and a comparing element
390. Apparatus 30 is coupled to a power supply 350. In some
embodiments, the power supply 350 may be a mains adapter,
a battery or a rechargeable battery. The power supply 350
provides a supply voltage V . between a positive terminal
(+) and negative terminal (=). Thus, the power supply 350
provides a direct current (DC). The inductive element 330 is
coupled in parallel to the light-emitting device 340. An
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output of the signal generator 300 is coupled to the gate G
of the transistor 310. The drain D of the transistor 310 is
coupled to the parallel-coupled inductive element 330 and
light-emitting device 340. The source S of the transistor 310
is coupled to the resistive element 320, and a non-inverting
input of the comparing element 390 is coupled to the source
S of transistor 310 providing the comparing element 390
with a monitoring voltage V.. representing a voltage V,
generated by a supply current I, flowing through the resis-
tive element 320. An inverting input of the comparing
element 390 provides a reference voltage Vi, to the
comparing element 390. An output of the comparing ele-
ment 390 is coupled to an input of the generator 300. The
inverting input of the comparing element 390 is coupled to
an output of the selector 380.

[0044] In some embodiments, the inverting input of the
comparing element 390 may be directly coupled to the
reference supply 360. In some embodiments, the inputs of
the selecting element 380 carry different reference supply
voltage levels. In some embodiments, the inputs of the
selecting element 380 may be coupled to different terminals
of the voltage divider 370, and the reference voltage Vzzr,
is selected by the selecting element SEL 380. In some
embodiments, the voltage-divider resistive elements 371,
372, 373 may have same values, different values, variable
values and/or adjustable values. In some embodiments, an
implementation of the voltage-divider resistive elements
371, 372, 373 may utilize fuses, such as e-fuses or laser
fuses.

[0045] An input of the voltage divider 370 may be coupled
to the reference supply REF0. The reference supply REF0
generates a reference voltage V., that may be divided by
voltage divider 370. In some embodiments, an implemen-
tation of reference supply and reference processing utilizes
a current source, for example. In some embodiments, the
resistive element R 320 is implemented as a voltage divider
having voltage-divider resistive elements having same val-
ues, different values, variable values and/or adjustable val-
ues.

[0046] During duration of an on-time, T, of the signal
generator 300, the apparatus 30 is in a charge state during
which the inductive element 330 is charged. When the
monitoring voltage V,,,, that increases during the charge
state, reaches the reference voltage Vg, the comparing
element 390 switches the generator 300 from the on-time to
an off-time, and the duration of the off-time, T,, controls the
discharge state during which the inductive element 330 is
discharged through the light-emitting device 340. A voltage
across the light-emitting device 340, V,, that is reversed
during the discharge state, results in a current through the
light-emitting device 340, 1.

[0047] FIG. 3b shows time-domain representations of
signals for the embodiment of the invention shown in FIG.
3a. Each of the representations accommodates durations of
a charge state, a discharge state and a subsequent charge
state.

[0048] A representation situated in a top portion of the
FIG. 3b shows the voltage V across the resistive element
320, representing the supply current I, During the charge
state voltage V increases as the inductive element 330 is
charged. As the voltage V reaches the level of the reference
voltage Vzr,, the voltage V representing supply current I
drops to 0 for the duration of the discharge state, as transistor
310 is switched off.
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[0049] A representation situated in a middle portion of
FIG. 3b shows the gate voltage V ; controlling the transistor
310. During the charge state the gate voltage V  is high, and,
thus, the transistor 310 is switched on. At the end of the
charge state the gate voltage V ; decreases, that is drops, and
transistor 310 is switched off for the duration of the dis-
charge state. During the discharge state, the gate voltage V5
may or may not equal O, as long as it is ensured that the
transistor 310 is switched off.

[0050] A representation situated in a bottom portion of the
FIG. 35 shows the voltage across light-emitting device, V,.
During the charge state the voltage across the light-emitting
device, V, is positive. However, the current through the
light-emitting device 340, I,, is 0 or close to 0, as the
light-emitting device 340 is in reverse order. During the
discharge state the inductive element L. 330 is discharged
through the light-emitting device 340 as the current I, flows
through the light-emitting device 340. The negative voltage
across light-emitting device 340, V,, increases towards 0.
The voltage V,, may or may not reach O at the end of the
discharge state dependent on the duration of the discharge
state.

[0051] FIG. 4 shows apparatus 40 in accordance with yet
another embodiment of the invention. The apparatus 40
comprises a signal generator 400, a transistor 410 having a
source S, a gate G and a drain D, an inductive element 430
and a light-emitting device 440. In some embodiments, the
apparatus 40 further comprises a resistive element 420, such
as a resistor or shunt. The apparatus 40 is coupled to a power
supply 450 as discussed with reference to FIG. 1. The
inductive element 430 is coupled in parallel to the light-
emitting device 440. The inductive element 430 and the
light-emitting device 440 are coupled to the power supply
450, for example to the positive terminal (+), and to the drain
D of the transistor 410. The source S of the transistor 410
may be coupled to the power supply 450, for example to the
negative terminal (-), or may be coupled to the power
supply 450 via the resistive element 420. An output of the
signal generator 400 is coupled to the gate G of the transistor
410 to switch it repeatedly between a charge state during
which the inductive element 430 is charged and a discharge
state during which the inductive element 130 is discharged
through the light-emitting device 440. The signal generator
400 comprises an on-time input 401 for controlling duration
T, of the on-time of the signal generator 400 and an off-time
input 402 for controlling duration T, of the off-time of the
signal generator 400. As an average current through the
light-emitting device 440, I, .. ... also depends on the
duration T, of the on-time and the duration T, of the
off-time, durations T, and T, may be used as parameters for
controlling the current I, . .c.-

[0052] With regard to the on-time duration T, and the
off-time duration T, several configuration embodiments are
possible, including, for example, variable on-time duration
T, and constant off-time duration T,, variable on-time dura-
tion T, and variable off-time duration T,, variable on-time
duration T, and off-time duration T, as a function of on-time
duration T, and variable on-time duration T, and off-time
duration T, as a function of on-time duration T,, supply
voltage Vg and light-emitting device voltage V,,, as dis-
cussed with reference to FIG. 5.

[0053] FIG. 5 shows schematic diagrams of configuration
embodiments of on-time generators and off-time generators.
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[0054] FIG. 5a shows a schematic diagram of a configu-
ration 50a comprising a variable on-time generator 510a and
a constant off-time generator 520a. The on-time generator
510a comprises an output 511a to provide an on-time of
variable duration T, that may be coupled to the on-time input
401 shown in FIG. 4, and, in some embodiments, further
comprises an input 512a to control the variable duration T;.
Off-time generator 420a comprises an output 521a to pro-
vide an off-time of fixed duration T, that may be coupled to
the off-time input 402 shown in FIG. 4.

[0055] FIG. 5b shows a schematic diagram of some
embodiments of a configuration 505 comprising a variable
on-time generator 5106 and a variable off-time generator
5206. The on-time generator 5105 comprises an output 5115
to provide an on-time of variable duration T, that may be
coupled to the on-time input 401 shown in FIG. 4, and, in
some embodiments, may further comprise an input 5125 to
control the variable duration T,. The off-time generator 5205
comprises an output 5215 to provide an off-time of variable
duration T, that may be coupled to the off-time input 402
shown in FIG. 4, and may further comprise an input 5225 to
control the variable duration T,.

[0056] FIG. 5¢ shows a schematic diagram of embodi-
ments of a configuration 50¢ comprising a variable on-time
generator 510¢ and a dependent controllable off-time gen-
erator 520c. The on-time generator 510c¢ comprises an
output 511c¢ to provide an on-time of variable duration T,
that may be coupled to on-time input 401 shown in FIG. 4,
and may further comprise an input 512¢ to control the
variable duration T,. The off-time generator 520c¢ comprises
an output 521¢ to provide an off-time of variable duration T,
that may be coupled to the off-time input 402 shown in FIG.
4, and an input 522¢ coupled to the output 511c of the
on-time generator 510c. Thus, off-time duration T, depends
on the on-time duration T:

=T (6]

[0057] The variable on-time duration T,, that may be
measured, and the dependent off-time duration T, may be
used to achieve a constant average current through the
light-emitting device, 15,0 uge-

[0058] FIG. 5d shows a schematic diagram of embodi-
ments of a configuration 504 comprising a variable on-time
generator 5104 and a dependent controllable off-time gen-
erator 5204. The on-time generator 5104 comprises an
output 5114 to provide an on-time of variable duration T,
that may be coupled to the on-time input 401 shown in FIG.
4, and in some embodiments comprises an input 5124 to
control the on-time duration T,. The off-time generator 5204
comprises an output 5214 to provide an off-time of variable
duration T, that may be coupled to the off-time input 402
shown in FIG. 4, and an input 5224 coupled to the output
511d of the on-time generator 510d. The off-time generator
520d may further comprise an input 523d to receive the peak
supply current I, ., or information thereon, an input 524d
to receive the light-emitting device voltage V, or informa-
tion thereon, an input 5254 to receive the supply voltage V
or information thereon, and an input 5264 to receive a target
current through the light-emitting device, I, ., or infor-
mation thereon. The off-time duration T, depends on the
on-time duration T, supply voltage V., peak supply cur-
rent I, .. light-emitting device voltage V, and the target

current through the light-emitting device, 15, ../

I,=AT,, VPSllRJEab VD:ID,mgez) (2)
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[0059] FIG. 5e shows a block diagram of some embodi-
ments of 5204 shown in FIG. 5d, comprising an on-time
generator 510e that corresponds with the on-time generator
510d and an off-time generator 520¢ that corresponds with
the off-time generator 520d. The off-time generator 520e
comprises a subtracting element 527, a controlling element
528e, such as a controller, a measuring element 529¢ and an
estimating element 530e, such as an estimator, forming a
control circuit. An input of the measuring element 529¢ is
coupled to an output 521e of the off-time generator 520e.
The measuring element 529 measures off-time duration T,.
The estimating element 530e comprises a first input coupled
to an output of the measuring element 529¢ to receive the
off-time duration T,, a second input coupled to the input
522e¢ of the off-time generator 520¢ to receive the on-time
duration T,, a third input coupled to an input 523e of the
off-time generator 520e to receive the peak supply current
Iz_,car @ fourth input coupled to input 524e of the off-time
generator 520¢ to receive the light-emitting device voltage
Vp, and a fifth input coupled to input 525¢ of the off-time
generator 520e to receive the supply voltage V.. The
off-time generator 520¢ may comprise a first analog-to-
digital converter (ADC) 531e coupled between the input
524e of the off-time generator 520¢ and the forth input of the
estimating element 530e to convert the light-emitting device
voltage V, into a digital signal. The off-time generator 520e
may further comprise a second ADC 532¢ coupled between
the input 525¢ of the off-time generator 520¢ and the fifth
input of the estimating element 530¢ to convert the supply
voltage V¢ into a digital signal. However, since computer
systems and other electronic systems increasingly monitor
internal conditions, including supply voltage, a digital signal
representing the supply voltage Vs may be readily avail-
able. The subtracting element 527¢ comprises a non-invert-
ing input coupled to input 526¢ of the off-time generator
520¢ to receive the target average current though the light-
emitting device, I, ..., and an inverting input coupled to
an output of the estimating element 530e to receive an
estimated current through the light-emitting device, I, .-
mazed. The subtracting element 527¢ determines an error
signal e by subtracting the estimated current through light-
emitting device, I, ,;maeq from the target average current
through light-emitting device, I, ,,,,.,- The controlling ele-
ment 528e¢ comprises a first input coupled to an output of the
subtracting element 527¢ to receive the error signal e, and a
second input coupled to the output of the measuring element
529¢ to receive the off-time duration T,. An output of the
controlling element 528e is coupled to the output 521e of the
off-time generator 520e. The control circuit may be imple-
mented as time-continuous circuit or time-discrete circuit.
The control circuit may operate with continues signal val-
ues, discrete signal values and/or digital signal values.
[0060] The average current through the light-emitting
device, 1 may be described by:

D__average’
ID,avemge:ﬂT 015, VpsIr_pear VpL) (€))

where T, is the on-time duration, that is charge state dura-
tion, T, is the off-time duration, that is discharge state
duration, Vg is the supply voltage, 1 ,. .. is the peak
supply current, V, is the light-emitting device voltage, and
L is the inductance of the inductive element.

[0061] For T,=f(T,) the average current through the light-
emitting device may be described by:

ID,avemge:ﬂT 1 VpsllRJEab Vp.L) 4)
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[0062] In some embodiments, a discrete-time control cir-
cuit may control the average current through the light-
emitting device, 1, .4, The estimating element 530e
estimates the average current through the light-emitting
device based on discrete-time samples of the on-time dura-
tion T, and off-time duration T,. The estimated average

current through the light-emitting device, I .o imaress MAy
be described by:
_ Lk -DVp Dk-1) ®)
Ip_cstimated (k) = (IR,peak - 7L ]Tl ©+5E-D

where (k) denotes current signal samples, and (k—1) denotes
samples from a previous switching period.

[0063]
nal e(k):

R p_errorlVp_targed ) ~Ip_esiimarealk)- Q)

[0064] In some embodiments, the target average current
through the light-emitting device, 1, ., may be constant,
or may be changed over time, for example for changing
illumination.

[0065] The controlling element 528¢ determines a current
value for the off-time duration T,(k), that is used to control
off-time duration of the generator SG. Thus, the off-time
duration T,(k) is used to generate a pulse-width-modulated
(PWM) signal, that causes the average current through the
light-emitting device, 1, ,,.4.- The controlling element
528¢ may be a proportional-integral (PI) controller

Subtracting element 527¢ determines an error sig-

To(k)=T(k-1)-constant I, gy, (k). M

[0066] In some embodiments, the controlling element
528e is a proportional-integral-derivative (PID) controller or
controller of another type. In some embodiments, the control
circuit also compensates for variations of the supply voltage
Vp, thus, increasing a power-supply-rejection.

[0067] FIG. 6 shows a schematic diagram of a control
system 60 according to some embodiments of the invention
shown in FIG. 4. The control system 60 comprises a
subtracting element 627, a controlling element 628, an
estimator 630 and a light-emitting system 640, such as
apparatus 10, 40 or 90. The light-emitting system 640 has a
supply voltage V5, a light-emitting device voltage V,, and
an off-time duration T,. The light-emitting system 640 has
an average current through the light-emitting device, I, .-
erage, and an on-time duration T,. The estimator 630 is
coupled to the controlling element 628 to receive the off-
time duration T,, and to the light-emitting system 640 to
receive the on-time duration T,. The estimator 630 generates
an estimated value for the current through the light-emitting
device, I .nmareass from the on-time duration T, and the
off-time duration T,. The subtracting element 627 receives
a target current through the light-emitting device, I, ..
and is coupled to the estimator 630 to receive the estimated
current through the light-emitting device, 15, ..imareqs 1he
subtracting element 627 generates an error signal e by
subtracting the estimated current through the light-emitting
device, Ip, ,iumareq» from the target current through the
light-emitting device, I, ,,,,., The controlling element 628
is coupled to the subtracting element 627 to receive the error
signal e, the controlling element 628 determines the off-time
duration T,. The controlling element 628 may be a propor-
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tional-integral (PI) controller, a proportional-integral-de-
rivative (PID) controller, or controller of another type.
[0068] FIG. 7 shows representations of control ranges of
on-time duration T, and off-time duration T, for different
peak supply currents I , .. and different light-emitting
device voltages V.

[0069] FIG. 7a shows a field of on-time-duration/off-time-
duration (T,/T,) pairs for light-emitting device voltage
V,=13.5V, that corresponds with an on-voltage of three in
series coupled white LEDs, and a peak supply current
I ~—0.11 A.

‘R__pea.

[0070] FIG. 75 shows a field of on-time-duration/off-time-
duration (T,/T,) pairs for light-emitting device voltage
V=128 V, that corresponds with a different on-voltage of
three in series coupled white LEDs and, a peak supply

current I ,,.,,=0.1 A.

[0071] FIG. 7¢ shows a field of on-time-duration/off-time-
duration (T,/T,) pairs for light-emitting device voltage
V,=11.6 V, that corresponds with an on-voltage of three in
series coupled blue LEDs, and a peak supply current
I =0.1 A.

R_peak
[0072] While a constant average current through the light-
emitting device may result in constant illumination of the
light-emitting device, changing the average current through
the light-emitting device over time changes illumination of
the light-emitting device. In a user interface of a computer
system or other electronic system illumination may be
changed for several reasons, for example, illumination may
be reduced in order to reduce power consumption preferably
when it is not required, or illumination may be increased in
order to attract attention of a user. Furthermore, illumination
may be turned on for use of the user interface, and may be
turned off after use optionally with a delay.

[0073] FIG. 8 shows time-domain representations of on-
time durations T, and off-time durations T, during dim-on
and dim-off operations.

[0074] FIG. 8a shows time-domain representations of an
on-time duration T, and an off-time duration T, for light
emission increasing from O during a dim-on operation.
Dim-on comprises a first period dim-onl of duration T,
on1 and a subsequent period dim-on2 of duration T, ,,.5-
The durations T, ,; and T, - may or may not be of
equal length. During the period dim-onl the on-time dura-
tion T, and off-time duration T, increase from 0 to prede-
termined values of T, and T,, respectively, thus, increasing
average current through the light-emitting device and, there-
fore, illumination. During the period dim-onl the off-time
duration T, may be equal to the on-time duration T;:

T (=T (. ®

[0075] During the period dim-on2 the on-time duration T,
is constant or controlled by the on-time generator, and the
off-time duration T, decreases to a target value, thus, further
increasing average current through the light-emitting device
and, therefore, illumination.

[0076] FIG. 85 shows time-domain representations of an
on-time duration T, and an off-time duration T, for light
emission decreasing to O during a dim-off operation. Dim-off
comprises a first period dim-offl of duration T, ,» and a
subsequent period dim-off2 of duration T, .. The dura-
tions T, ,;n and Ty, ,,m» may or may not be of equal
length. During the period dim-off1l the off-time duration T,
is constant and the on-time duration T, decreases to a value
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of the off-time duration T,, thus, decreasing average current
through the light-emitting device and, therefore, illumina-
tion.

[0077] During the period dim-off2 the on-time duration T,
and off-time duration T, decrease to 0, thus, surceasing
average current through the light-emitting device and, there-
fore, illumination. During the period dim-off2 the off-time
duration T, may be equal to the on-time duration T;:

To(0=T, (). ©)]

[0078] FIG. 9 shows apparatus 90 in accordance with a
further embodiment of the invention. The apparatus 90
provides illumination for the computer system or the elec-
tronic system, and comprises a signal generator 900, a
switching element 910, an inductive element 930 and a
light-emitting device 940 as discussed with reference to
FIG. 1. The apparatus 90 is coupled to a power supply 950
as discussed with reference to FIG. 1. A first terminal of the
inductive element L 930 and a first terminal of the light-
emitting device 940 are coupled to a first terminal of the
power supply PS 950. A second terminal of the inductive
element 930 is coupled to a first terminal of the switching
element 910. A second terminal of the light-emitting device
D 940 is coupled to a second terminal of the switching
element S 910. A third terminal of the switching element 910
is coupled to a second terminal of the power supply PS 950.
The signal generator 900 is coupled to the switching element
910 to switch it repeatedly between a charge state during
which the switching element 910 couples its first terminal to
its third terminal and, thus, the inductive element 930 is
charged and a discharged state during which the switching
element 910 couples its first terminal to its second terminal
and, thus, the inductive element 930 is discharged through
the light-emitting device D 940. In some embodiment, signal
generator 900 is a signal generator as discussed with refer-
ence to FIG. 1. The switching element 910 may be imple-
mented as a switch or transistor as discussed with reference
to FIG. 1, or transistors that may be controlled with a phase
of 180 degree. The light-emitting device 940 may comprise
a light-emitting diode (LED) as discussed with reference to
FIG. 1. Alternatively, the light-emitting device 940 may
comprise a unidirectional device, such as a bulb.

[0079] Owing to variations in production, on-voltage of
light-emitting devices may vary from device to device.
Embodiments of the invention may reduce effects of these
variations. Magnitude of the on-voltage of the light-emitting
device, V_,, may be determined by:

T (10)
Vor = =V
T2| sl

where T, is a fixed off-time duration, T, is a corresponding
on-time duration, that may be determined or measured, and
V55 1s the supply voltage.

[0080] Although specific embodiments have been illus-
trated and described herein, it will be appreciated by those
of ordinary skill in the art, that any arrangement which is
calculated to achieve the same purpose may be substituted
for the specific embodiments shown. It is to be understood,
that the above description is intended to be illustrative and
not restrictive. This application is intended to cover any
adaptations or variations of the invention. Combinations of
the above embodiments and many other embodiments will
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be apparent to those of skill in the art upon reading and
understanding the above description. The scope of the
invention includes any other embodiments and applications
in which the above structures and methods may be used. The
scope of the invention should, therefore, be determined with
reference to the appended claims along with the full scope
of equivalents to which such claims are entitled.

[0081] It is emphasized that the Abstract is provided to
comply with 37 C.F.R. section 1.72(b) requiring an abstract
that will allow the reader to quickly ascertain the nature and
gist of the technical disclosure. It is submitted with the
understanding, that it will not be used to interpret or limit the
scope or meaning of the claims.

What is claimed is:

1. An apparatus, comprising:

a unidirectionally conductive light-emitting device;

an inductive element coupled in parallel to said light-
emitting device; and

a switching element to conduct current from a power
supply through said inductive element during an on-
time interval and an off-time interval during which said
inductive element is discharged through said light-
emitting device.

2. The apparatus of claim 1, further comprising:

a signal generator coupled to said switching element to
switch it between the on-time interval and the off-time
interval.

3. The apparatus of claim 1, wherein the unidirectionally

conductive light-emitting device is a light-emitting diode.

4. The apparatus of claim 2, wherein the switching
element is a field-effect transistor.

5. The apparatus of claim 2, wherein said signal generator
and said switching element are formed on an integrated
circuit.

6. The apparatus of claim 2 wherein the signal generator
is configured such that at least one of the on-time interval
and the off-time interval is adjustable.

7. The apparatus of claim 2, wherein said signal generator
is configured to determine the duration of the off-time
interval from the current through said inductive element.

8. The apparatus of claim 7, wherein said signal generator
determines the duration of the off-time interval from a
predetermined average current through the light-emitting
device.

9. The apparatus of claim 7, wherein the signal generator
further comprises:

a measuring element to measure a duration of the off-time

interval,

an estimating element, coupled to said measuring ele-
ment, to produce a first signal representative of an
estimated average current through said light-emitting
device,

a calculating element, coupled to said estimating element,
to produce an error signal by subtracting said first
signal from a signal representative of said target aver-
age current through said light-emitting device, and

a controller, coupled to said measuring element and to
said subtracting element, to control the duration of the
off-time interval.

10. The apparatus of claim 9, wherein the signal generator

is implemented as a digital circuit.

11. A power control circuit, comprising:

an inductive element coupled in parallel to a light-emit-
ting device;
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a switching element to couple the inductive element and
light emitting device to a power supply to apply a
charging current to the inductive element when the
switch is in a first condition and to discharge the
inductive element to the light-emitting device to gen-
erate light when the switch is in a second condition.

12. The circuit of claim 11, wherein the light-emitting
device comprises a light emitting diode.

13. The circuit of claim 11, wherein the switching element
is a field effect transistor.

14. The circuit of claim 11, wherein the switching element
is placed in the second condition for a time interval deter-
mined by a magnitude of the charging current.

15. The circuit of claim 14, further comprising:

a comparator circuit wherein a signal related to the
magnitude of the charging current is compared to a
reference signal to control the switching of the switch
from the second condition to the first condition.

16. The circuit of claim 15, further comprising:

a selecting element coupled to said comparator circuit to
select said reference signal from a plurality of reference
signals.

17. The circuit of claim 16, further comprising:

a voltage divider coupled to said selecting element to
produce said plurality of reference signals from a
reference supply voltage.

18. The circuit of claim 11, further comprising:

a signal generator circuit is coupled to said switch to
control the time duration the switch remains in at least
one of the first condition and the second condition.

19. The circuit of claim 18, wherein the signal generator
circuit is configured to define the time duration in the second
condition from the time duration in the first condition.

20. The circuit of claim 20, wherein the generator com-
prises:

a measuring element to measure the time duration of the

second condition;

an estimating element coupled to said measuring element,
to produce a signal representative of an estimated
average current through said light-emitting device;

a subtracting element coupled to said estimating element,
to produce an error signal by subtracting said signal
from a signal representative of said target average
current through said light-emitting device; and
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a controller coupled to said measuring element and to said
subtracting element, to drive the switch to produce a
predetermined time duration of the second condition.

21. A method to control power to a light-emitting device,

comprising:

coupling an inductive element in parallel to the light-
emitting device; and

switching the inductive element repeatedly between a first
state during which said inductive element receives a
charging current and a second state during which the
inductive element discharges the charging current
through said light-emitting diode.

22. The method of claim 21, further comprising:

providing the light emitting device with a unidirectionally
conductive valve element to allow current through the
light-emitting device in a flow direction only during the
second state.

23. The method of claim 22, wherein the duration of one

or both of the first state and the second state is controllable.

24. The method of claim 22, wherein switching the

inductive element also comprises:

measuring the duration of the second state,

estimating an average current through said light-emitting
device during the second state,

subtracting said estimated average current through said
light-emitting device from a predetermined target aver-
age current through said light-emitting device to pro-
duce an error signal, and

adjusting the duration of the second state in accordance
with the error signal.

25. The method of claim 24, further comprising:

dimming the light-emitting device by equally increasing
the duration of the first state and the duration of the
second state with a first dim-on time constant to a target
power.

26. The method of claim 25, further comprising:

dimming said light-emitting device by decreasing the
duration of said discharge state with a second dim-on
time constant to a target power.

27. The method of claim 25, further comprising:

dimming said light-emitting device off by equally
decreasing said duration of said first state and said
duration of said second state with a second dim-off time
constant to zero power.

#* #* #* #* #*



