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SOLID-STATE LIGHTING APPARATUS INCLUDING CURPVENT DIVERSION
CONTROLLED BY LIGHTING DEVICE BIAS STATES AND CURRENT LIMITING
USING A PASSIVE ELECTRICAL COMPONENT

‘ FIELD .
[0001] The present inventive subject matter relates to lighting apparatus and methods
and, more particularly, to solid-state lighting apparatus and methods.

BACKGROUND

[0002] Solid-state lighting arrays are used for anumber of lighting applications. For
example, solid-state lighting panels including arrays of solid-state light emitting devices have
been used as direct illumination sources, for example, in architectural and/or accent lighting.
A so‘lid-state light emitting device may include, for example, apackaged light emitting device
including one or more light emitting diodes (LEDs), which may include inorganic LEDSs,
which may include semiconductor layers forming p-njunctions and/or organic LEDs
(OLEDs), which méy include organic light emission layers.

[0003] Solid-state lighting arrays are used for anumber of lighting applications. For
example, solid-state lighting panels including arrays of solid-state light emitting devices have
been used as direct illumination sources, for example, in architectural and/or accent lighting.
Solid-state lighting devices are also used in lighting fixtures, such as incandescent bulb
replacement applications, task lighting, recessed light fixtures and the like, For example,
Cree, Inc. produces avariety of recessed downlights, such asthe LR-6 and CR-6, which use
LEDs for illumination. Solid-state lighting panels are also commonly used as backlights for
small liquid crystal display (LCD) screens, such asLCD display screens used in portable
electronic devices, and for larger displays, such as LCD television displays.

[0004] A solid-state light emitting device may include, for example, apackaged light
emitting device including one or more LEDs. Inorganic LEDs typically include
semiconductor layers forming p-n junctions. Organic LEDs (OLEDs), which include organic
light emission layers, are another type of solid-state light emitting device. Typically, a solid-
state light emitting device generates light through the recombination of electronic carriers, i.e.
electrons and holes, in alight emitting layer or region.

[0005] Some attempts at providing solid-state lighting sources have involved driving
an LED or string or group of LEDs using arectified alternating current (ac) waveform.

However, because the LEDs require aminimum forward voltage to turn on, the LEDs may
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turn on for only apart of the rectified ac waveform, which may result in visible flickering,
may undesirably lower the power factor of the system, and/or may increase resistive loss in
the system. Examples of techniques for driving LEDs with arectified ac waveform are
described in U.S. Patent Application Publication No. 2010/0308738 and in copending U.S.
Patent Application Serial No. 12/777,842 (Attorney Docket No. 5308-1 188, filed May 7,
2010) , the latter of which is commonly assigned to the assignee of the present application.
[0006] Other attempts at providing ac-driven solid-state lighting sources have
involved placing LEDs in an anti-parallel configuration, so that half of the LEDs are driven
on each half-cycle of an ac waveform. However, this approach requires twice as many LEDs

to produce the same luminous flux as using arectified ac signal.

SUMMARY

[0007] According to some embodiments of the inventive subject matter, alighting
apparatus includes astring of LED sets coupled in series where each set includes at least one
LED. A current diversion circuit is coupled to the string and is configured to operate
responsive to abias state transition of one of the LED sets to direct current away from
another one of the LED sets. A current limiting circuit is coupled in series with the string and
is configured to conduct current responsive to aforward biasing of all of the LED sets. The
current limiting circuit includes only passive electrical component(s).

[0008] In other embodiments, the current diversion circuit is configured to conduct
current via afirst one of the LED sets and is configured to beturned off responsive to current
through a second one of the LED sets.

[0009] In still other embodiments, the current diversion circuit is configured to
conduct current responsive to aforward biasing of the first one of the LED sets.

[0010] In dtill other embodiments, the first one of the LED sets includes more LEDs
than other ones of the LED sets.

[001 1] In still other embodiments, the current diversion circuit is configured to turn
off responsive to avoltage a anode of the string.

[0012] In still other embodiments, the lighting apparatus further includes aresistor
coupled in series with the string. The first one of the current diversion circuits is configured
to turn off responsive to avoltage at aterminal of the resistor.

[0013] In still other embodiments, the current diversion circuit includes abipolar

transistor providing a controllable current path between anode of the string and aterminal of
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apower supply. The current through the resistor varies an emitter bias of the bipolar
transistor.

[0014] In still other embodiments, the current diversion circuit includes atransistor
providing acontrollable current path between anode of the string and aterminal of a power
supply and aturn-off circuit coupled to anode of the string and to a control terminal of the
transistor and configured to control the current path responsive to a control input.

[0015] In still other embodiments, current through one of the LED sets provides the
control input.

[0016] In still other embodiments, the transistor is abipolar transistor and the turn-off
circuit is configured to vary abase current of the bipolar transistor responsive to the control
input.

[0017] In still other embodiments, the bias states of the LED sets transition
responsive to apower supply having avarying voltage such that the diversion circuit is
activated in response to increases and decreases in the varying voltage.

[0018] In still other embodiments, the current diversion circuit includes aplurality of
current diversion circuits, respective ones of which are coupled to respective nodes of the
string and configured to operate responsive to bias state transitions of respective ones of the
LED sets. A number of the plurality of current diversion circuits isless than anumber of the
LED sets.

[0019] In further embodiments of the present inventive subject matter, alighting
apparatus includes arectifier circuit configured to be coupled to an ac power source and to
generate arectified ac voltage, astring of serially-connected LED sets, each set including a
least one LED, a current diversion circuit coupled to the string and configured to be
selectively enabled and disabled responsive to bias state transitions of the LED sets asa
magnitude of the rectified ac voltage varies, and a current limiting circuit coupled in series
with the string and being configured to conduct current responsive to aforward biasing of all
of the LED sets. The current limiting circuit includes only passive electrical component(s).

[0020] In till further embodiments, the current diversion circuit is configured to
conduct current via afirst one of the LED sets and is configured to beturned off responsive
to current through a second one of the LED sets.

[0021] In still further embodiments, the first one of the LED sets comprises more
LEDs than other ones of the LED sets.

[0022] In still further embodiments, the current diversion circuit is configured to

conduct current responsive to aforward biasing of the first one of the LED sets.
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[0023] In still further embodiments, the current diversion circuit is configured to turn
off responsive to avoltage a anode of the string.

[0024] In till further embodiments, the lighting apparatus further includes aresistor
coupled in series with the string. The current diversion circuit is configured to turn off
responsive to avoltage a atermina of the resistor.

[0025] In till further embodiments, the lighting apparatus further includes aresistor
coupled in series with the string. The current diversion circuit includes abipolar transistor
providing a controllable current path between anode of the string and aterminal of the
rectifier circuit and current through the resistor varies an emitter bias of the bipolar transistor.

[0026] In still further embodiments, the current diversion circuits includes atransistor
providing acontrollable current path between anode of the string and aterminal of the
rectifier circuit and aturn-off circuit coupled to anode of the string and to a control terminal
of the transistor and configured to control the current path responsive to a control input.

[0027] In till further embodiments, a current through one of the LED sets provides
the control input.

[0028] In still further embodiments, the transistor comprises abipolar transistor and
the turn-off circuit is configured to vary abase current of the bipolar transistor responsive to
the control input.

[0029] In till further embodiments, the current diversion circuit includes aplurality
of current diversion circuits, respective ones of which are coupled to respective nodes of the
string and configured to operate responsive to bias state transitions of respective ones of the
LED sets. A number of the plurality of current diversion circuits is less than anumber of the
LED sets.

[0030] In other embodiments of the present inventive subject matter, an apparatus
includes a current diversion circuit coupled to a string of serially-connected LED sets and to
operate responsive to bias state transitions of one of the LED sets to direct current away from
another one of the LED sets. A current limiting circuit coupled in series with the string and
being configured to conduct current responsive to aforward biasing of all of the LED sets.
The current limiting circuit is comprised solely of a least one passive electrical corﬁponent.

[0031] In still other embodiments, the current diversion circuit is configured to
conduct current via afirst one of the LED sets and is configured to beturned off responsive
to current through a second one of the LED sets. v

[0032] In still other embodiments, the first one of the LED sets comprises more LEDs
than other ones of the LED sets.
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[0033] In still other embodiments, the current diversion circuit is configured to
conduct current responsive to aforward biasing of the first one of the LED sets.

[0034] In still other embodiments, the current diversion circuit is configured to turn
off responsive to avoltage a anode of the string.

[0035] In still other embodiments, the current diversion circuit is configured toturn
off responsive to avoltage at aterminal of aresistor coupled in series with the string.

[0036] In still other embodiments, the current diversion circuit includes abipolar
transistor providing a controllable current path between anode of the string and aterminal of
apower supply and current through aresistor coupled in series with the string varies an
emitter bias of the bipolar transistor.

[0037] In still other embodiments, the current diversion circuit comprises atransistor
configured to provide acontrollable current path between anode of the string and aterminal
of apower supply and aturn-off circuit coupled to anode of the string and to acontrol
terminal of the transistor and configured to control the current path responsive to a control
input.

[0038] In still other embodiments, current through one of the LED sets provides the
control input.

[0039] In still other embodiments, the apparatus further includes arectifier circuit
configured to be coupled to apower source and having an output configured to be coupled to
the string of LED sets.

[0040] In still other embodiments, the current diversion circuit includes aplurality of
current diversion circuits, respective ones of which are coupled to respective nodes of the
string and configured to operate responsive to bias state transitions of respective ones of the
LED sets. A number of the plurality of current diversion circuits is less than anumber of the
LED sets.

BRIEF DESCRIPTION OF THE DRAWINGS
[0041] The accompanying drawings, which are included to provide afurther
understanding of the inventive subject matter and are incorporated in and constitute apart of
this application, illustrate certain embodiment(s) of the inventive subject matter. In the
drawings:
[0042] FIG. lillustrates alighting apparatus according to some embodiments of the
inventive subject matter;
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[0043] FIG. 2illustrates current and voltage waveforms for the lighting apparatus of

FIG. 1;
~ [0044] FIG. 3illustrates alighting apparatus according to further embodiments of the

inventive subject matter;

[0045] FIG. 4illustrates current and voltage waveforms for the lighting apparatus of
FIG. 3;

[0046] FIG. 5illustrates a current diversion circuit according to further embodiments
of the inventive subject matter;

[0047] FIG. 6illustrates alighting apparatus according to further embodiments of the
inventive subject matter; and , ‘

[0048] FIGS. 7 - 10 illustrate various arrangements of lighting apparatus components

according to some embodiments of the inventive subject matter.

DETAILED DESCRIPTION

[0049] Embodiments of the present inventive subject matter now will be described
more fully hereinafter with reference to the accompanying drawings, in which embodiments
of the inventive subject matter are shown. This iriventive subject matter may, however, be
embodied in many different forms and should not be construed as limited to the embodiments
set forth herein. Rather, these embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the inventive subject matter to
those skilled in the art, Like numbers refer to like elements throughout the description. Each
embodiment described herein aso includes its complementary conductivity embodiment.

[0050] It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms.
These terms are only used to distinguish one element from another. For example, afirst
element could betermed a second element, and, similarly, a second element could be termed
afirst element, without departing from the scope of the present inventive subject matter. As
used herein, the term "and/or" includes any and al combinations of one or more of the
associated listed items.

[0051] It will be understood that when an element isreferred to as being "connected”
or "coupled" to another element, it can be directly connected or coupled to the other element

or intervening elements may be present. In contrast, when an element isreferred to as bel ng
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"directly connected" or "directly coupled” to another element, there are no intervening
elements present.

[0052] 1t will be understood that when an element or layer isreferred to asbeing "on"
another element or layer, the element or layer can be directly on another element or layer or
intervening elements or layers may also be present. In contrast, when an element isreferred
to as being "directly on" another element or layer, there are no intervening elements or layers
present. Asused herein, the term "and/or" includes any and al combinations of one or more
of the associated listed items.

[0053] Spatially relative terms, such as "below", "beneath”, "lower", "above",
"upper", and the like, may be used herein for ease of description to describe one element or
feature's relationship to another element(s) or feature(s) asillustrated in the figures. It will be
understood that the spatialy relative terms are intended to encompass different orientations of
the device in use or operation, in addition to the orientation depicted in the figures.
Throughout the specification, like reference numerals in the drawings denote like elements.

[0054] Embodiments of the inventive subject matter are described herein with
reference to plan and perspective illustrations that are schematic illustrations of idealized
embodiments of the inventive subject matter. As such, variations from the shapes of the
illustrations as aresult, for example, of manufacturing techniques and/or tolerances, areto be
expected. Thus, the inventive sUbject matter shbuld not be construed as limited to the
particular shapes of objects illustrated herein, but should include deviations in shapes that
result, for example, from manufacturing. Thus, the objects illustrated in the figures are
schematic in nature and their shapes are not intended to illustrate the actual shape of aregion
of adevice and are not intended to limit the scope of the inventive subject matter.

[0055] Theterminology used herein isfor the purpose of describing particular
embodiments only and is not intended to be limiting of the present inventive subject matter.
Asused herein, the singular forms "a", "an" and "the" are intended to include the plura forms
aswell, unless the context clearly indicates otherwise. It will be further understood that the
terms "comprises’ "comprising,” "includes’ and/or "including" when used herein, specify the
presence of stated features, integers, steps, operations, elements, and/or components, but do
not preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof. .

[0056] Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly understood by one of ordinary skill in the

art to which this present inventive subject matter belongs. It will be further understood that
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terms used herein should be interpreted as having ameaning that is consistent with their
meaning in the context of this specification and the relevant art and will not beinterpreted in
an idealized or overly formal sense unless expressly so defined herein. The term "plurality”
isused herein to refer to two or more of the referenced item.

[0057] The expression "lighting apparatus,” as used herein, is not limited, except that
it indicates that the device is capable of emitting light. That is, alighting apparatus can be a
device which illuminates an area or volume, e.g., astructure, aswimming pool or spa, a
room, awarehouse, an indicator, aroad, aparking lot, avehicle, signage, eg., road signs, a
billboard, a ship, atoy, amirror, avessel, an electronic device, aboat, an aircraft, a stadium,
a computer, aremote audio device, aremote video device, acell phone, atree, awindow, an
LCD display, acave, atunnel, ayard, alamppost, or adevice or array of devices that
illuminate an enclosure, or adevice that isused for edge or back-lighting (e.g., back light
poster, signage, LCD displays), bulb replacements (e.g., for replacing ac incandescent lights,
low voltage lights, fluorescent lights, etc.), lights used for outdoor lighting, lights used for
security lighting, lights used for exterior residential lighting (wall mounts, post/column
mounts), ceilihg fixtures/wall sconces, under cabinet lighting, lamps (floor and/or table
and/or desk), landscape lighting, track lighting, task lighting, specialty lighting, ceiling fan
lighting, archival/art display lighting, high vibration/impact lighting, work lights, etc.,
mirrors/vanity lighting, or any other light emitting device.

[0058] The present inventive subject matter further relates to an illuminated enclosure
(the volume of which can beilluminated uniformly or non-uniformly), comprising an
enclosed space and at least one lighting apparatus according to the present inventive subject
matter, wherein the lighting apparatus illuminates at least aportion of the enclosed space
(uniformly or non-uniformly).

[0059] Asused herein, "passive electrical component” means a component that is not
capable of power gain. Such components may include, but are not limited to, capacitors,
inductors, resistors, diodes, voltage sources, and current sources. An "active electrical
component” means a component that is capable of power gain.

[0060] According to some embodiments of the inventive subject matter, a string of
solid state lighting device sets, eg.,, sets of LEDs, may be incrementally activated and
deactivated responsive to abias states of the device sets. In some embodiments, for example,
one or more current diversion circuits may be activated and deactivated responsive to the
forward biasing of LED sets in astring as arectified power supply voltage is applied to the

string. The current diversion circuits may include, for example, respective transistors that are
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configured to provide respective controllable current diversion paths. These transistors may
beturned on and off by bias transitions of the LED sets, which may be used to effect biasing
of the transistors. Such circuitry may berelatively simple in comparison to circuitry that uses
comparators or the like to control activation of LED setsin astring. A current limiting circuit
is coupled in series with the string of LED sets and is configured to conduct current
responsive only to aforward biasing of all of the LED sets. The current limiting circuit is
comprised solely of one or more passive electronic components. In some embodiments, the
current limiting circuit may comprise aresistor.

[0061] FIG. lillustrates alighting apparatus 100 according to some embodiments of
the inventive subject matter. The apparatus 100 comprises astring 120 of serially connected
LED sets 120-1, 120-2, ..., 120-N. Each of the LED sets 120-1, 120-2, ..., 120-N
includes at least one LED. For example, individual ones of the sets may comprise asingle
LED and/or individual sets may include multiple LEDs connected in various parallel and/or
serial arrangements.  Power isprovided tothe LED string 120 from arectifier circuit 110
that is configured to be coupled to an ac power source 10 and to produce arectified voltage
VRand current ir therefrom.  The rectifier circuit 110 may be included in the lighting
apparatus 100 or may be part of a separate unit coupled to the apparatus 100.

[0062] The apparatus 100 further comprises respective current diversion circuits 130-
1 and 130-2 connected to respective nodes of the string 120. The current diversion circuits
130-1 and 130-2 are configured to provide current paths that, in the illustrated embodiments,
bypass respective groups of the LED sets 120-1 and 120-2. The current diversion circuits
130-1 and 130-2 each include atransistor QI that isconfigured to provide a controlled
current path that may be used to selectively bypass the LED sets 120-2, ...120-N. The
transistors QI are biased using transistors Q2, resistors Rl and R2 and diodes D. The
transfstors Q2 are configured to operate as diodes, with their base and collector terminals
connected to one another. Differing numbers of diodes D are connected in series with the
transistors Q2 in respéctive ones of the current diversion circuits 130-1 and 130-2 such that
the base terminals of current path transistors QI in the respective current diversion circuits
130-1 and 130-2 are biased at different voltage levels. Resistors Rl and R2 serveto limit
base currents for the current path transistors QI.

[0063] The current path transistors QI of the respective current diversion circuits
130-1 and 130-2 will turn off at different emitter bias voltages, which are determined by a
current flowing through aresistor RO. Accordingly, the current diversion circuits 130-1 and

130-2 are configured to operate in response to bias state transitions of the LED sets 120-1,
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120-2, , .., 120-N asthe rectified voltage VRincreases and decreases such that the LED sets
120-1, 120-2, ..., 120-N areincrementally activated and deactivated asthe rectified voltage
VRrises and falls. The current path transistors QI are turned on and off as bias states of the
LED sets 120-1, 120-2, ..., 120-N change. Lighting apparatus that include current diversion
circuits controlled by lighting device bias states are described, for example, in U. S. Patent
Application No. 13/235,127 filed September 16, 201 1, which is hereby incorporated herein
by reference in its entirety.

[0064] Rather than associate a current diversion circuit 130 with the final LED set
120-N, acurrent limiting circuit 140 isplaced in series with the string of LED sets 120 such
that the current limiting circuit conducts current once all of the LED sets 120-1, 120-2, .. .,
120-N in the string 120 are in aforward bias state. The current limiting circuit 140 may
comprise one or more passive electrical components configured to generate a desired
impedance that limits the current flowing through the LED string 120 to a desired level. For
example, in some embodiments, the current limiting circuit 140 may comprise aresistor.

[0065] FIG. 2 illustrates current and voltage waveforms for an implementation using
three LED sets (N=3) using the structure of the apparatus 100 of FIG. 1. Referring to FIG. 1
in conjunction with FIG. 2, when the rectified voltage V Rincreases to alevel sufficient to
forward bias the first LED set 120-1, the transistor QI turns on and the current begins to flow
through the first LED set 120-1 at around atime tl, causing it to begin emitting light.
Current passes-through the first LED set 120-1, through the first current diversion circuit 130-
1, and through the resistor RO, bypassing the other LED sets in the string 120.

[0066] Asthe rectified voltage V Rcontinues to increase to alevel sufficient to
forward bias the second LED set 120-2, the transistor QI of the second current diversion
circuit 130-2 turns on at around atime t2, allowing current to flow through the first and
second LED sets 120-1, 120-2. The resulting increase in current flow through the resistor RO
results in an increase in avoltage across the resistor RO that causes the base-emitter junction
of the current path transistor QI of the first current diversion circuit 130-1 to become
reversed bias, thus interrupting fiow through the first current diversion circuit 130-1. Asa
result, the bulk of the current flowing through the first and second LED sets 120-1, 120-2
begins to pass through the second current diversion circuit 130-2. Asthe rectified voltage
V Rfurther increases, asimilar transition occurs such that the third LED set 120-N becomes
forward biased and current flows through the current limiting circuit 140 at around atime t3,
and the second current diversion circuit 130-2 isturned off. After the rectified voltage VR

peaks and begins to decrease, areverse series of transitions occurs, such that the third LED
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set 120-N, the second LED set 120-2 and the first LED set 120-1 are sequentially deactivated.
Ascan be seen in FIG. 2, this results in arectified current ir that appfoximately tracks the
rectified voltage V Rin a step-wise manner.

[0067] Circuitry along the lines illustrated in FIG. 1 can provide severa potential
advantages. For example, operating the current diversion circuits 130-1 and 130-2 responsive
to biasing of the LED sets 120-1, 120-2, .. ., 120-N can eliminate the need to use relatively
complex comparator circuits that monitor current and/or voltage through the LED string 120
to control bypassing of the LED sets. Relatively simple and inexpensive components may be
used for the current diversion circuits 130-1 and 130-2, and these components may be
relatively easily integrated with the LEDs. For example, the current diversion circuitry (and,
optionaly, the rectifier circuitry) may beintegrated with the LEDs on acommon substrate or
in an integrated lighting module. Moreover, by using acurrent limiting circuit 140 in place
of for alast subset of LEDs to be activated the active components associated with acurrent
diversion circuit may be replaced by one or more passive components, such as aresistor,
further reducing the cost of the lighting apparatus while maintaining acceptable performance
with respect to power factor and total harmonic distortion metrics.

[0068] FIG. 3illustrates alighting apparatus 300 according to further embodiments of
the present inventive subject matter. The lighting apparatus 300 is similar to the lighting
apparatus 100 of FIG. 1, but does not include the current diversion circuit 130-2. Similar to
the apparatus of FIG. 1, as arectified voltage produced by arectifier 110 increases, the
current diversion circuit 130-1 turns on, providing acurrent path for afirst LED set 120-1
such that the first LED set 120-1 illuminates. Asthe rectified voltage further increases, the
remainder of the LED sets 120-2 through 120-N become forward biased and the increased
current through the resistor RO by way of the current limiting circuit 140 turns off the first
current diversion circuit 130-1. After the rectified voltage peaks and starts to decline as
described above, the LED sets 120-1 and 120-2, . .., 120-N are sequentialy turned off in the
reverse order that they were turned on. |

[0069] FIG. 4 illustrates current and voltage waveforms for an implementation using
two LED sets (N=2) using the structure of the apparatus 300 of FIG. 3. Referring to FIG, 3in
conjunction with FIG. 4, when the rectified voltage V Rincreases to alevel sufficient to
forward bias the first LED set 120-1, the transistor QI turns on and the current begins to flow .
through the first LED set 120-1a around atime tl, causing it to begin emitting light.
Current passes through the first LED set 120-1, through the current diversion circuit 130-1,
and through the resistor RO, bypassing the other LED sets in the string 120.

11
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[007.0] Asthe rectified voltage V Rcontinues to increase to alevel sufficient to
forward bias the sebond LED set , which includes LED set 120-2 through LED set 120—N,
current flows through the current limiting circuit 140 at around atime t2, and the current
diversion circuit 130-1 isturned off. After the rectified voltage Vv Rpeaks and begins to
decrease, areverse series of transitions occurs, such that the second LED set 120-2 through
120-N and the first LED set 120-1 are sequentially deactivated. Ascan be seen in FIG. 4,
this results in arectified current ir that approximately tracks the rectified voltage VRin a
step-wise manner.

[0071] The lighting apparatus of FIG. 3turns on al LED setsin an LED string 120 in
atwo step process with afirst subset of the LED sets being turned on initially and the
remainder being turned on in a second step. The number of steps used in an activation
sequence may be based on factors such as perceptible flicker, power factor, and efficiency.
For example, inthe lighting apparatus of FIG. 3, it may be desirable to place more LEDs in
the first LED set 120-1 than are included in other ones of the LED sets. That is, because
LED sets 120-2 through 120-N may beviewed as asingle LED set in FIG. 3, the number of
LEDs in the first LED set 120-1 may exceed the number of LEDs in sets 120-2 through 120-
N. This may reduce the power consumed by the lighting apparatus as there isless power
drawn during the lower portion of the rectified voltage vV Rcycle.

[0072] According to further embodiments of the inventive subject matter, current
diversion circuits may utilize use voltage dividers instead of diodes to bias current path
transistors. For example, as shown in Figure 5, acurrent diversion circuit 500 may include a
current path transistor QI, biased with anétwork including a diode-connected transistor Q2
and resistors R1, R2. In alighting apparatus in which multiple ones of such current
diversion circuits are used along the lines of the apparatus 100 and 300 of Figures 1 and 3, for
example, the resistors RI, R2 are chosen to provide different base bias voltages for respective
ones of the current diversion circuits. It will be understood that embodiments of the present
inventive subject matter are not limited to specific type of electrical components used in
biasing the current path transistor Ql. For example, diode(s) may be used as shown in FIGS.
1land 3, resistor(s) may beused as shown in FIG. 5, and/or Zener diodes may be used.

[0073] In further embodiments of the present inventive subject matter, current arising
from abias state transition of an LED set may be used to disable a current path transistor in a
modification of the approach described above with reference to FIGS. 1and 3. FIG. 6
illustrates alighting apparatus 600 that comprises astring 120 of serially connected LED sets
120-1, 120-2, ..., 120-N. Each of the LED sets 120-1, 120-2, ..., 120-N includes at least
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one LED, and may include various parallel and/or serial arrangements of LEDs. Power is
provided tothe LED string 120 from arectifier circuit 110 that is configured td be coupled to
an ac power source 10 and to produce arectified voltage Vg and current ir therefrom.

[0074] Respective current diversion circuits 630-1 and 630-2 are connected to
respective nodes of the string 120, and are configured to provide current paths that bypass
respective groups of the LED sets 120-2 and 120-3, ..., 120-N. The current diversion
circuits 630-1 and 630-2 each include atransistor QI that is configured to provide a
controlled current path that may be used to selectively bypass the LED sets 120-2 and 120-3,
..., 120-N. The transistors QI are biased using transistors Q2 and resistors RI 1, R12, R21, -
and R22. Theresistors Rl 1, R12, R21, and R22 provide different base bias voltages for the
current path transistors QI . Resistors R31and R32 serve as current limiters. The current
diversion circuits 630-1 and 630-2 further include turn-off transistors Q3, which are used to
turn off the current path transistors QI responsive to base currents received from nodes of the
string 120 via current limiting resistors RB.

[0075] The current diversion circuits 830-1 and 830-2 are configured to operate in
response to bias state transitioné of the LED sets 120-1, 120-2, ..., 120-N asthe rectified
voltage V Rincreases and decreases, such that the LED sets 120-1, 120-2, . . ., 120-N are
incrementally activated and deactivated asthe rectified voltage vV Rrises and falls. The
transistors QI areturned on and off as bias states of the LED sets 120-1, 120-2, ..., 120-N
change. Rather than associate a current diversion circuit 130 with the final LED set 120-N, a
current limiting circuit 140 isplaced in series with the string of LED sets 120 such that the
current limiting circuit conducts current once al of the LED sets 120-1, 120-2, ..., 120-N in
the string 120 are in aforward bias state. The current limiting circuit 140 may comprise one
or more passive electrical components configured to generate adesired impedance that limits
the current flowing through the LED string 120 to adesired level. For example, in some
embodiments, the current limiting circuit 140 may comprise aresistor.

[0076] Current control circuits as described herein may be implemented in a number
of different ways in accordance with various embodiments of the inventive subject matter.
For example, arectifier circuit, current diversion circuitry, current limiting circuitry, and
LEDs asillustrated, for example, in the embodiments of FIGS. 1, 3, and 6, may be integrated
in acommon unit configured to be coupled to an ac power source. Such an integrated unit
may take the form, for example, of alighting fixture, a screw-in or plug in replacement for a
conventional incandescent or compact fluorescent lamp, an integrated circuit or module

configured to be used in a lighting fixture or lamp or avariety of other form factors. In some
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embodiments, portions of the current diversion circuitry and/or current limiting circuitry may
be integrated with the LEDs using composite semiconductor structures, e.g., the current
diversion transistors QI illustrated in FIGS. 1, 3, and 6 may integrated with the respective
LEDs that they control to provide multi-terminal controllable LED devices configured for use
in arrangements along the lines illustrated in these figures.

[0077] In some embodiments, such as shown in FIG. 7, arectifier circuit, current
diversion circuitry/current limiting circuitry, and LEDs may be implemented as sepai-ae units
710, 720, 730 configured to be connected to an ac power source 10 and interconnected, for
example, by wiring, connectors and/or printed circuit conductors. In further embodiments,
as shown in FIG. 8, arectifier, current diversion circuitry, and current limiting circuitry may
be integrated in a common unit 810, e.g., in acommon microelectronic substrate, thick film
assembly, circuit card, module or the like, configured to be connected to an ac power source
10 and to LEDs 820. Asshown in FIG. 9, LEDs, current diversion ci rcﬁitry, and current
limiting circuitry may be similarly integrated in a common unit 920 that is configured to be
coupled to arectifier unit 910. In still other embodiments, arectifier unit, current diversion
circuitry, current limiting circuitry, and LEDs may be implemented as separate units 1010,
1020, 1030, and 1040 as shown in FIG. 10.

[0078] In the drawings and specification, there have been disclosed typical
embodiments of the inventive subject matter and, although specific terms are employed, they
are used in ageneric and descriptive sense only and not for purposes of limitation, the scope

of the inventive subject matter being set forth in the following claims.
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THAT WHICH IS CLAIMED:

1 A lighting apparatus, comprising:

astring of light emitting diode (LED) sets coupled in serles each LED set comprising
at least one LED;

acurrent diversion circuit coupled to the string and configured to operate responsive
to abias state transition of one of the LED sets to direct current away from another one of the
LED sets; and

acurrent limiting circuit coupled in series with the string and being configured to
conduct current responsive to aforward biasing of all of the LED sets;

wherein the current limiting circuit is comprised of apassive electrical component

without including any active electrical component.

2. The lighting apparatus of Claim 1, wherein the current diversion circuit is
configured to conduct current via afirst one of the LED sets and is configured to be turned

off responsive to current through a second one of the LED sets.

3. The lighting apparatus of Claim 2, wherein the current diversion circuitis

configured to conduct current responsivé to aforward biasing of the first one of the LED sets.

4. The lighting apparatus of Claim 2, wherein the first one of the LED sets

comprises more LEDs than other ones of the LED sets.

5. The lighting apparatus of Claim 1, wherein the current diversion circuit is

configured to turn off responsive to avoltage at a node of the string.

6. The lighting apparatus of Claim 5, further comprising aresistor coupled in
series with the string and wherein the first one of the current diversion circuits is configured

to turn off responsive to avoltage a atermina of the resistor.

7. The lighting apparatus of Claim 6, wherein the current diversion circuit
comprises abipolar transistor providing a controllable current path between anode of the
string and aterminal of apower supply, and wherein current through the resistor varies an

emitter bias of the bipolar transistor.
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8. The lighting apparatus of Claim 1, wherein the current diversion circuit
comprises:

atransistor providing acontrollable current path between a node of the string and a
termina of apower supply; and

aturn-off circuit coupled to anode of the string and to a control terminal of the

transistor and configured to control the current path responsive to a control input.

9. The lighting apparatus of Claim 8, wherein current through one of the LED
sets provides the control input.

10. The lighting apparatus of Claim 8, wherein the transistor comprises a bipolar
transistor and wherein the turn-off circuit is configured to vary abase current of the bipolar

transistor responsive to the control input.

11.  Thelighting apparatus of Claim 1, wherein the bias states of the LED sets
transition responsive to a power supply having avarying voltage such that the diversion

circuit is activated in response to increases and decreases in the varying voltage.

12, The lighting appératus of Claim 1, wherein the current diversion circuit
comprises aplurality of current diversion circuits, respective ones of which are coupled to
respective nodes of the string and configured to operate responsive to bias state transitions of
respective ones of the LED sets,

wherein anumber of the plurality of current diversion circuits is less than anumber of
the LED sets. |

13. - A lighting apparatus comprising:

arectifier circuit configured to be coupled to an aternating current (ac) power source
and to generate arectified ac voltage; |

astring of serially-connected LED sets, each set comprising at least one LED;

acurrent diversion circuit coupled to the string and configured to be selectively
enabled and disabled responsive to bias state transitions of the LED sets as a magnitude of the

rectified ac voltage varies; and
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acurrent limiting circuit coupled in series with the string and being configured to
conduct current responsive to aforward biasing of all of the LED sets;
wherein the current limiting circuit is comprised of apassive electrical component

* without including any active electrical component.

14. The lighting apparatus of Claim 13, wherein the current diversion circuitis
configured to conduct current via afirst one of the LED sets and is configured to be turned

off responsive to current through a second one of the LED sets.

15. The lighting apparatus of Claim 14, wherein the first one of the LED sets

comprises more LEDs than other ones of the LED sets.

16. The lighting apparatus of Claim 14, wherein the current diversion circuit is

configured to conduct current responsive to aforward biasing of the first one of the LED sets.

17. The lighting apparatus of Claim 13, wherein the current diversion circuit is

configured to turn off responsive to avoltage a anode of the string.

18. The lighting apparatus of Claim 17, further comprising aresistor coupled in
series with the string and wherein the current diversion circuit is configured to turn off

responsive to avoltage at atermina of the resistor.

19. The lighting apparatus of Claim 13, further comprising aresistor coupled in
series with the string, wherein the current diversion circuit comprises abipolar transistor
providing a controllable current path between anode of the string and atermina of the
rectifier circuit and wherein current through the resistor varies an emitter bias of the bipolar

transistor.

20. The lighting apparatus of Claim 13, wherein the current diversion circuits
comprises:
-atransistor providing a controllable current path between anode of the string and a
terminal of the rectifier circuit; and
aturn-off circuit coupled to anode of the string and to a control termina of the

transistor and configured to control the current path responsive to acontrol input.
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21.  Thelighting apparatus of Claim 20, wherein a current through one of the LED
sets provides the control input.

22. The lighting apparatus of Claim 20, wherein the transistor comprises a bipolar
transistor and wherein the turn-off circuit is configured to vary abase current of the bipolar

transistor responsive to the control input.

23. The lighting apparatus of Claim 13, wherein the current diversion circuit
comprises aplurality of current diversion circuits, respective ones of which are coupled to
respective nodes of the string and configured to operate responsive to bias state transitions of
respective ones of the LED sets;

wherein anumber of the plurality of current diversion circuits isless than anumber of
the LED sets.

24. An apparatus comprising:

acurrent diversion circuit coupled to a string of serialy-connected light emitting
diode (LED) sets and configured to operate responsive to bias state transitions of one of the
LED sets to direct current away from another one of the LED sets; and

acurrent limiting circuit coupled in series with the string and being configured to
conduct current responsive to aforward biasing' of al of the LED sets,

wherein thé current limiting circuit is comprised of apassive electrical component

without including any active electrical component.
25. The apparatus of Claim 24, wherein the current diversion circuit is configured
to conduct current via afirst one of the LED sets and is configured to be turned off

responsive to current through a second one of the LED sets.

26. The apparatus of Claim 25, wherein the first one of the LED sets comprises
more LEDs than other ones of the LED sets.

27. The apparatus of Claim 25, wherein the current diversion circuit is configured

to conduct current responsive to aforward biasing of the first one of the LED sets.
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28. . The apparatus of Claim 24, wherein the current diversion circuit is configured
- toturn off responsive to avoltage a anode of the string.

29. The apparatus of Claim 28, wherein the current diversion circuit i s configured

to turn off responsive to avoltage at aterminal of aresistor coupled in series with the string.

30. The apparatus of Claim 24, wherein the current diversion circuit comprises a
bipolar transistor providing a controllable current path between anode of the string and a
termina of apower supply and wherein current through aresistor coupled in series with the

string varies an emitter bias of the bipolar transistor.

31.  The apparatus of Claim 24, wherein the current diversion circuit comprises:
atransistor configured to provide a controllable current path between anode of the
string and aterminal of apower supply; and
~ aturn-off circuit coupled to anode of the string and to acontrol terminal of the

transistor and configured to control the current path responsive to a control input.

32. The apparatus of Claim 31, wherein current through one of the LED sets

provides the control input.

33.  The apparatus of Claim 24, further comprising arectifier circuit configured to
be coupled to apower source and having an output configured to be coupled to the string of
LED sets.

34. The apparatus of Claim 24, wherein the current diversion circuit comprises a
plurality of current diversion circuits, respective ones of which are coupled to respective
nodes of the string and configured to operate responsive to bias state transitions of respective
ones of the LED sets; |

wherein anumber of the plurality of current diversion circuits isless than anumber of
the LED sets.
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