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REDUNDANT OPERATION OFA 
BACKLIGHT UNIT OF A DISPLAY DEVICE 

UNDER OPEN CIRCUIT OR SHORT CIRCUIT 
LED STRING CONDITIONS 

BACKGROUND 

The present disclosure relates generally to backlight units 
used as an illumination source for a display device and, more 
specifically, to backlight units having light-emitting elements 
being configured to provide a degree of redundancy in the 
event that one or more of the light-emitting elements mal 
functions during operation. 

This section is intended to introduce the reader to various 
aspects of art that may be related to various aspects of the 
subject matter described and/or claimed below. This discus 
sion is believed to be helpful in providing the reader with 
background information to facilitate a better understanding of 
the various aspects of the present disclosure. Accordingly, it 
should be understood that these statements are to be read in 
this light, not as admissions of prior art. 

Electronic devices increasingly include display devices to 
provide visual feedback as part of a user interface. For 
instance, display devices may display various images associ 
ated with the operation of the electronic device, including 
photographs, video, text (e.g., a document, a webpage, or an 
e-mail, etc.), as well as images associated with a graphical 
user interface (e.g., icons, windows, screens, etc.) of the elec 
tronic device. As may be appreciated, display devices may be 
employed in a wide variety of electronic devices, such as 
desktop computer systems, laptop computers, and handheld 
computing devices, such as cellular telephones and portable 
media players. In particular, liquid crystal display (LCD) 
panels have become increasingly popular for use in display 
devices, due at least in part to their light weight and thin 
profile, as well as the relatively low amount of power required 
for operation. 

However, because an LCD does not emit or produce light 
on its own, a backlight unit is typically provided in conjunc 
tion with the LCD panel as part of the display device in order 
to produce a visible image. A backlight unit typically pro 
vides backlight illumination by Supplying light emitted from 
one or more light-emitting elements (a light source) to the 
LCD panel. Light-emitting elements commonly used in back 
light units may include cold cathode fluorescent lamps 
(CCFLs) or light emitting diodes (LEDs). For example, back 
light units utilizing LEDs may include one or more groups of 
LEDs, referred to sometimes as Strings. 

It is generally inevitable that a percentage of manufactured 
LCDs may become defective during their operational lifetime 
due, for example, to one or more of the light-emitting ele 
ments of the backlight unit malfunctioning. When this occurs, 
the affected light-emitting elements may become inoperable 
and cease emitting light, thus reducing the amount of light 
that may be provided by the backlight unit. From the perspec 
tive of a user, this may result in a noticeable reduction in the 
brightness in some parts or all of the screen of the LCD, which 
may cause images displayed on the screen to appear dimmer 
than intended or, in Some cases, completely unperceivable, 
Such as in a scenario in which all of the light-emitting ele 
ments of the backlight malfunction. Unfortunately, it is gen 
erally difficult and sometimes cost-prohibitive to repair LCDs 
in the event of Such a malfunction. 

There are currently two ways to make white light with 
LEDs: one method uses multiple wavelengths from different 
LEDs to make white light (e.g., a red LED, a green LED, and 
a blue LED), and the second method uses a white LED (e.g., 
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2 
a blue Indium-Galium-Nitride (InGaN) LED with a phosphor 
coating which creates white light). With regard to the second 
method, most manufacturers of high-power white LEDs esti 
mate a lifetime of around 30,000 hours at the 70% lumen 
maintenance level, assuming maintaining junction tempera 
ture at no higher than 90 degrees Fahrenheit. Therefore, white 
LED failures may occur when LED junction temperature 
rises above this temperature. 
LED backlighting employs different schemes—one of 

which is an edge lit scheme. In an edge lit scheme, a light bar 
(or light source) may be mounted along an edge of the display 
to deliver light into a light guide that diffuses light evenly 
across the display. This edge lit scheme has its advantages in 
terms of cost, compactness and very flat modular construction 
of the backlight. However, when a string of LEDs is used to 
deliver light into the light guide, Some additional space 
(sometimes referred to as “mixing distance') is used to allow 
for light from the individual LEDs to diffuse or mix, and this 
mixing distance usually depends on the distance between 
adjacent LEDs. Beyond this mixing area, homogeneous or 
mixed light is available for illuminating the display. 

SUMMARY 

A Summary of certain embodiments disclosed herein is set 
forth below. It should be understood that these aspects are 
presented merely to provide the reader with a brief summary 
of these certain embodiments and that these aspects are not 
intended to limit the scope of this disclosure. Indeed, this 
disclosure may encompass a variety of aspects that may not 
be set forth below. 

In accordance with one aspect of the present disclosure, 
systems, devices, and methods relating to the operation of a 
backlight unit of a display device in the event that single or 
multiple LEDs in an LED string fail are provided. For 
example, one or more LEDs in the LED string may experi 
ence a short circuit failure. The backlight may be configured 
to operate in both a redundant mode and a non-redundant 
mode to address single or multiple LED short circuit failures. 
For instance, in a redundant mode, multiple LED strings 
arranged in an end-to-end configuration may each be driven 
to provide a first quantity of light, Such that the combined 
output from all LED strings provides a total light output that 
corresponds to a maximum brightness setting for the display 
device. In the event that one or more LEDs on one of the 
strings fails, the remaining functional LEDs of the affected 
and/or non-affected Strings may be driven to provide a second 
quantity of light, such that the combined output from the 
affected Strings and the non-affected Strings may still provide 
the same total light output for achieving the maximum bright 
ness setting for the display device. 

In accordance with another aspect of the present disclo 
Sure, systems, devices, and methods relating to the operation 
of a backlight of a display device in the event that a condition 
causes an entire LED string to fail are provided. For example, 
if an open circuit occurs in an LED string, the entire LED 
string will fail. As another example, if several LEDs in a string 
experience short circuits, the entire LED string may fail and 
be turned off. In one embodiment, the backlight may be 
configured to operate in a redundant mode and a non-redun 
dant mode of operation to address Such LED string failures. 
For instance, in a redundant mode, multiple LED strings are 
driven to provide a first quantity of light, such that the collec 
tive output from all LED strings is capable of providing a 
luminance output that corresponds to a maximum front-of 
screen brightness setting for the display device. In the case 
that one of the LED strings fails entirely, due to an open 
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circuit or multiple short circuit LED string condition (i.e., a 
shorted LED string condition) for example, the remaining 
LED strings may be driven to provide a second quantity of 
light that is greater than the first quantity, Such that the com 
bined light output from the remaining LED strings is still 
capable of providing the same luminance output for achieving 
the maximum brightness setting for the display device. 

Various refinements of the features noted above may exist 
in relation to various aspects of the present disclosure. Further 
features may also be incorporated in these various aspects as 
well. These refinements and additional features may exist 
individually or in any combination. For instance, various 
features discussed below in relation to one or more of the 
illustrated embodiments may be incorporated into any of the 
above-described aspects of the present disclosure alone or in 
any combination. Again, the brief Summary presented above 
is intended only to familiarize the reader with certain aspects 
and contexts of embodiments of the present disclosure with 
out limitation to the claimed Subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various aspects of this disclosure may be better understood 
upon reading the following detailed description and upon 
reference to the drawings in which: 

FIG. 1 is a simplified block diagram depicting components 
of an example of an electronic device that includes a display 
device having a backlight unit with light-emitting elements 
configured to operate in a redundant mode and a non-redun 
dant mode, in accordance with aspects set forth in the present 
disclosure; 

FIG. 2 illustrates the electronic device of FIG. 1 in the form 
of a computer; 

FIG. 3 is a front view of the electronic device of FIG. 1 in 
the form of a handheld portable electronic device: 

FIG. 4 shows an exploded perspective view of an LCD 
display that may be part of the electronic device of FIG. 1, in 
accordance with aspects of the present disclosure; 

FIG. 5 shows the LCD display of FIG. 4 in an assembled 
perspective view: 

FIG. 6 is a simplified block diagram depicting display 
control logic that includes backlight driver logic configured to 
control a backlight to operate in a non-redundant mode and a 
redundant mode, in accordance with one embodiment of the 
present disclosure; 

FIG. 7 is a simplified block diagram depicting how the 
backlight driver logic of FIG.6 may be connected to multiple 
LED strings: 

FIG. 8 is a more detailed view showing how the backlight 
driver logic of FIG. 7 may be configured to detect for mal 
function of one or more light Sources, in accordance with one 
embodiment; 

FIG. 9 is a circuit diagram showing an embodiment of a 
current sink circuit that may be provided as part of the back 
light driver logic of FIG. 7: 

FIG. 10 depicts LED strings of a backlight unit operating in 
a redundant mode, in accordance with an embodiment of the 
present disclosure; 

FIG. 11 depicts the LED strings of FIG. 10 operating in a 
non-redundant mode when a short circuit condition occurs, in 
accordance with another embodiment of the present disclo 
Sure; 

FIG. 12 is a flowchart depicting a process for operating a 
backlight unit to provide redundancy in the event of a short 
circuit condition, in accordance with an embodiment of the 
present disclosure; 
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FIG. 13 depicts LED strings of a backlight unit operating in 

a redundant mode, in accordance with an embodiment of the 
present disclosure; 

FIG. 14 depicts the LED strings of FIG. 13 operating in a 
non-redundant mode when a short circuit condition occurs, in 
accordance with another embodiment of the present disclo 
Sure; 

FIG. 15 is a flowchart depicting a process for operating a 
backlight unit to provide redundancy in the event of a short 
circuit condition, in accordance with another embodiment of 
the present disclosure; 

FIG. 16 depicts LEDs of a backlight unit configured to 
implement 2D scanning operating in a redundant mode, in 
accordance with an embodiment of the present disclosure; 

FIG. 17 depicts the LEDs of FIG. 16 operating in a non 
redundant mode when one of the LEDs becomes nonopera 
tional, in accordance with another embodiment of the present 
disclosure; 

FIG. 18 depicts LED strings of a backlight unit operating in 
a redundant mode, in accordance with an embodiment of the 
present disclosure; 

FIG. 19 depicts the LED strings of FIG. 18 operating in a 
non-redundant mode when an open circuit condition occurs, 
in accordance with an embodiment of the present disclosure; 
and 

FIG. 20 is a flowchart depicting a process for operating a 
backlight unit to provide redundancy in the event of an open 
circuit condition, in accordance with an embodiment of the 
present disclosure. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

One or more specific embodiments of the present disclo 
sure are described below. These embodiments are only 
examples of the presently disclosed techniques. Additionally, 
in an effort to provide a concise description of these embodi 
ments, all features of an actual implementation may not be 
described in the specification. It should be appreciated that in 
the development of any such implementation, as in any engi 
neering or design project, numerous implementation-specific 
decisions are be made to achieve the developers’ specific 
goals. Such as compliance with system-related and business 
related constraints, which may vary from one implementation 
to another. Moreover, it should be appreciated that such 
development efforts might be complex and time consuming, 
but would nevertheless be a routine undertaking of design, 
fabrication, and manufacture for those of ordinary skill hav 
ing the benefit of this disclosure. 
When introducing elements of various embodiments of the 

present disclosure, the articles “a” “an and “the are 
intended to mean that there are one or more of the elements. 
The terms “comprising.” “including.” and “having are 
intended to be inclusive and mean that there may be addi 
tional elements other than the listed elements. The embodi 
ments discussed below are intended to be examples that are 
illustrative in nature and should not be construed to mean that 
the specific embodiments described herein are necessarily 
preferential in nature. Additionally, it should be understood 
that references to “one embodiment” or “an embodiment 
within the present disclosure are not to be interpreted as 
excluding the existence of additional embodiments that also 
incorporate the recited features. 
The present disclosure relates generally to techniques for 

implementing a backlight unit of a display device to provide 
for both redundant and non-redundant modes of operation. 
Particularly these techniques allow for a backlight unit to 
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continue to operate to provide an expected level of front-of 
screen (FOS) brightness for the display, even if one or more 
LEDs or LED strings fails or malfunctions, due to open 
circuit and/or short circuit conditions for example. The 
present techniques allow for the backlight to seamlessly 
Switch between operating modes such that, in the event of an 
open circuit/short circuit failure, the backlight continues to 
operate and provide an expected light output with the failure 
being unperceivable by the viewer. Providing such a level a 
redundant/non-redundant operation in a backlight unit of a 
display may at least partially address some of the inconve 
niences associated with the need to repair and/or replace a 
conventional display due to the failure of a light source within 
the backlight unit and, therefore, increases the overall product 
life time. 

With the foregoing points in mind, FIG. 1 provides a block 
diagram illustrating an example of an electronic device 10 
that may incorporate aspects of the present disclosure. The 
electronic device 10 may be any type of device that incorpo 
rates a display, such as a laptop or desktop computing device, 
a mobile phone, a digital media player, and so forth. As shown 
in FIG. 1, the electronic device 10 may include various inter 
nal and/or external components contributing to the function 
of the device 10. For instance, the various functional blocks 
shown in FIG. 1 may include hardware elements (including 
circuitry), Software elements (including computer code 
stored on a tangible computer-readable medium) or a combi 
nation of both hardware and software elements. Further, FIG. 
1 is only one example of a particular implementation and is 
merely intended to illustrate the types of components that 
may be present in such a device 10. For example, in the 
presently illustrated embodiment, the electronic device 10 
may include input/output (I/O) ports 12, input structures 14, 
one or more processors 16, memory device 18, non-volatile 
storage 20, expansion card(s) 22, network device 24, power 
Source 26, display 28, and display control logic 32. 
As will be discussed in further detail below, the display 

control logic 32 may include a backlight driver configured to 
normally operate a backlight unit of the display 28 in a redun 
dant mode when all light-emitting elements of the backlight 
unit are functional, and to operate the backlight unit in a 
non-redundant mode when one or more light-emitting ele 
ments of the backlight unit malfunctions and becomes non 
operational. When operating in the redundant mode, all of the 
light-emitting elements of the backlight unit may be con 
trolled to provide an amount of light having a luminance that 
corresponds to a maximum brightness setting of the display 
28. Further, when operating in the non-redundant mode, the 
remaining operational light-emitting elements may be con 
trolled such that they are capable of providing an amount of 
light corresponding to the maximum brightness setting of the 
display 28, even without contribution from the nonopera 
tional light-emitting elements. 

The processor(s) 16 may control the general operation of 
the device 10. For instance, the processor(s) 16 may provide 
the processing capability to execute an operating system, 
programs, user and application interfaces, and any other func 
tions of the device 10. The processor(s) 16 may include one or 
more microprocessors, such as one or more general-purpose 
microprocessors, application-specific microprocessors 
(ASICs), or a combination of Such processing components. 
The processor(s) 16 may include one or more processors 
based upon x86 or RISC architectures, as well as dedicated 
graphics processors (GPU), image signal processors, video 
processors, audio processors and/or related chip sets. By way 
of example only, the processor(s) 16 may include a model of 
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6 
a system-on-a-chip (SOC) processor available from Apple 
Inc. of Cupertino, Calif., such as a model of the A4 or A5 
processor. 

Instructions or data to be processed by the processor(s) 16 
may be stored in a computer-readable medium, Such as the 
memory device 18, which may include volatile memory, such 
as random access memory (RAM), non-volatile memory, 
such as read-only memory (ROM), or as a combination of 
RAM and ROM devices. The memory 18 may store a variety 
of information and may be used for various purposes. For 
example, the memory 18 may store firmware for the device 
10. Such as a basic input/output system (BIOS), an operating 
system, various programs, applications, or any other routines 
that may be executed on the device 10, such as user interface 
functions, processor functions, and so forth. 
The electronic device 10 may also include non-volatile 

storage 20 for persistent storage of data and/or instructions. 
For instance, the non-volatile storage 20 may include flash 
memory, a hard drive, or any other optical, magnetic, and/or 
Solid-state storage media, or some combination thereof. Thus, 
while depicted as a single device in FIG. 1 for simplicity, it 
should understood that the non-volatile storage 20 may 
include a combination of one or more of the above-listed 
storage devices operating in conjunction with the 
processor(s) 16. The non-volatile storage 20 may be used to 
store firmware, data files, image data, Software programs and 
applications, and any other Suitable data. Further, the network 
device 24 may include RF circuitry enabling the device 10 to 
connect to a network, Such as a local area network, a wireless 
network (e.g., an 802.11x network or Bluetooth network), or 
a cellular data network (e.g., GPRS, EDGE, 3G, 4G, LTE, 
WiMax, etc.), and to communicate with other devices over the 
network. 
The display 28 may display various images generated by 

device 10, such as a graphical user interface (GUI) for an 
operating system, digital images or video stored on the 
device, or images representing text (e.g., a text document or 
e-mail). In the illustrated embodiment, the display 28 may be 
a liquid crystal display (LCD) device having a backlight unit 
that utilizes light emitting diodes (LEDs) to provide light to 
an LCD panel, which may include an array of pixels. For 
instance, the backlight unit may include LEDs arranged in a 
direct-lighting configuration (also referred to as full-array or 
full-matrix lighting) in which LEDs are arranged in an array 
directly behind the LCD panel, or arranged in an edge-lit 
configuration, in which one or more groups of LEDs, referred 
to strings, are arranged along one or more edges of the LCD 
panel. As will be appreciated, each pixel of the LCD panel 
may include a thin film transistor (TFT) and a pixel electrode 
configured to store a charge in response to an applied Voltage 
representing image data. For each pixel, an electrical field 
generated in response to the stored charge aligns liquid crystal 
molecules within a liquid crystal layer of the LCD panel to 
modulate light transmission through a region of the liquid 
crystal layer corresponding to the pixel. For instance, the 
perceived intensity of the light emitted through a particular 
pixel is generally dependent upon the applied Voltage, which 
determines the strength of the electrical field. Thus, collec 
tively, the light emitted from each pixel of the LCD panel, 
may be perceived by a user as an image displayed on the 
display (e.g., a color image where a color filter overlays the 
pixels to form groupings of red, green, and blue pixels). 
As shown in FIG. 1, the device 10 further includes display 

control logic 32. The display control logic 32 may include 
driving circuitry that provides data signals representative of 
image data to the pixels of the LCD panel of the display 28. 
For example, the display control logic 32 may include source 
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driving circuitry and gate driving circuitry that operate in 
conjunction to send image signals to the pixels of the LCD 
panel. In one embodiment, the pixels are arranged in rows and 
columns, wherein the TFTs of each pixel include a gate 
coupled to a gate line (also called a scanning line) and a 
Source coupled to a source line (also called a data line). 
During operation, the gate driving circuitry may send an 
activation signal to switch on the TFTs of the pixels of a 
particular row, and the source driving circuitry may provide 
image data signals to the pixels of the activated row along 
respective source lines (columns). By repeating this process 
for each row of pixels in the LCD panel, an image frame may 
be rendered. 

The display control logic 32 may also include a backlight 
driver circuit (discussed in more detail below in FIGS. 7-8) 
configured to control the amount of backlight illumination 
provided by the backlight unit of the display 28. For example, 
in an embodiment where the light source of the display 28 
includes one or more LED strings, the backlight driving cir 
cuitry may provide an activation signal. Such as boost output 
Voltage signal modulated by a pulse width modulation 
(PWM) signal, that provides power to the LEDs. The lumi 
nance of the light provided by the backlight unit may be 
controlled by varying the duty cycle of the PWM signal, and 
the brightness of the display 28, as perceived by a user, is 
based at least partially upon the luminance of the light pro 
vided by the backlight unit. 

To provide just an illustrative example, an LED driven by a 
boost output Voltage generated using a PWM signal with a 
duty cycle of 50% (e.g., the signal is logically high and low 
for the same amount of time within a period) may provide a 
luminance that is approximately half the brightness when 
driven by a boost output voltage generated using a PWM 
signal with a duty cycle of 100% (e.g., the signal is always 
logically high during the same period). Further, in a PWM 
controlled implementation, the number of different lumi 
nance levels that an LED may provide is dependent upon the 
resolution of the PWM signal. For example, where the duty 
cycle of a PWM signal is represented by a 10-bit (2') func 
tion, 1024 different duty cycles may be selected, which rep 
resents 1024 different luminance levels. As discussed in more 
detail below, the backlight driver may be configured to oper 
ate normally in a redundant mode in which all of the light 
emitting elements (e.g., LEDs) are functional, and may oper 
ate in a non-redundant mode if one or more of the light 
emitting elements become non-functional and in which the 
remaining functional light-emitting elements are controlled 
such that they are still able to provide a light output corre 
sponding to the maximum brightness level of the display 28. 
Further, although shown in FIG.1 as being a separate from the 
display 28, it should be understood that the display control 
logic 32 may also be integrated with the display 28 in other 
embodiments. 
To provide some examples of form factors that the elec 

tronic device 10 of FIG.1 may take, FIGS. 2 and 3 illustrate 
embodiments of the electronic device 10 in the form of a 
computer and a handheld electronic device, respectively. 
Referring to FIG. 2, the device 10 in the form of a computer 
40 may include generally portable computers, such as laptop, 
notebook, tablet, and handheld computers, as well as com 
puters generally used in one place. Such as desktop comput 
ers, workstations and/or servers. The depicted computer 40 
includes a housing or enclosure 42, the display 28 (e.g., as an 
LCD 44 or other suitable display), I/O ports 12, and input 
structures 14. By way of example only, embodiments of the 
computer 40 may include a model of a MacBook.(R), MacBook 
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8 
Pro(R), MacBook AirR), iMac(R), Mac Mini(R), Mac ProR), or 
iPad(R), all available from Apple Inc. 
The display 28 may be an LCD display that includes an 

LCD panel 44 and a backlight unit that provides light to the 
LCD panel 44, which may utilize fringe-field switching and/ 
or in-plane Switching technologies. The display 28 may be 
integrated with the computer 40 (e.g., the display of a laptop 
computer) or may be a standalone display that interfaces with 
the computer 40 through one of the I/O ports 12, such as via 
a DisplayPort, Thunderbolt, DVI, High-Definition Multime 
dia Interface (HDMI) type of interface. In certain embodi 
ments, such a standalone display 28 may be a model of an 
Apple Cinema Display(R), available from Apple Inc. 

In further embodiments, the device 10 in the form of a 
portable handheld electronic device 50, as shown in FIG. 3, 
may be a digital media player and/or a cellular telephone. By 
way of example, the handheld device 50 may a model of an 
iPod(R) or iPhone(R) available from Apple Inc. The handheld 
device 50 includes an enclosure 52, which may protect the 
interior components from physical damage and may also 
allow wireless networking and/or telecommunication sig 
nals, to pass through to wireless communication circuitry 
(e.g., network device 24) disposed within the enclosure 52. As 
shown, the enclosure 52 also includes various user input 
structures 14 through which a user may interface with the 
handheld device 50. For instance, each input structure 14 may 
be configured to control one or more device functions when 
pressed or actuated. 
The device 50 also includes various I/O ports 12, depicted 

in FIG. 3 as a connection port 12a (e.g., a 30-pin dock 
connector or Thunderbolt port available from Apple Inc.) for 
transmitting and receiving data and for charging a power 
Source 26, which may include one or more removable, 
rechargeable, and/or replaceable batteries. The I/O ports 12 
may also include an audio connection port 12b for connecting 
the device 50 to an audio output device (e.g., headphones or 
speakers). Further, in embodiments where the handheld 
device 50 provides mobile phone functionality, the I/O port 
12C may receive a SIM card (e.g., expansion card 22). 
The display 28, as implemented in the handheld device 50 

of FIG.3, may include the LCD panel 44 and a backlight unit 
that operate in conjunction to cause viewable images gener 
ated by the handheld device 50 to be rendered on the display 
28. For example, the display 28 may display system indica 
tors 54 providing feedback to a user regarding one or more 
states of handheld device 50, such as power status, signal 
strength, and so forth. The display 28 may also display a 
graphical user interface (GUI) 56 that allows a user to interact 
with the handheld device 50. For instance, the displayed 
image of the GUI 56 may represent a home screen of an 
operating system, which may be a version of the Mac OS(R) or 
iOS(R) operating systems, both available from Apple Inc. The 
GUI 56 may include various graphical elements, such as 
icons 58, corresponding to various applications that may be 
executed upon user selection (e.g., receiving a user input 
corresponding to the selection of a particular icon 58). In one 
embodiment, user inputs may be received via a touch-screen 
interface provided with the display 28. 
The handheld device 50 may include a front-facing camera 

60 and arear-facing camera 62 (shown in phantom). In certain 
embodiments, one or more of the cameras 60 or 62 may be 
used to acquire digital images, which may subsequently be 
rendered and displayed on the display 28 for viewing. The 
front and rear facing cameras 60 and 62 may also be utilized 
to provide video-conferencing capabilities via use of a video 
conferencing application, Such as FaceTimeR), available from 
Apple Inc. Additionally, the device 50 may include various 



US 9,271,379 B2 

audio input and output elements 64 and 66. In embodiments 
where the handheld device 50 includes mobile phone func 
tionality, the audio input/output elements 64 and 66 may 
collectively function as the audio receiving and transmitting 
elements of a telephone. 

It should be understood that although the LCD display 28 
may differ in overall dimensions and size depending on 
whether it is implemented in a computer 40 (FIG. 2) or in a 
handheld electronic device 50 (FIG. 3), the overall operating 
principles are the same, i.e., driving signals representative of 
image data to pixels of a TFT pixel array. Further, in accor 
dance with aspects of the present disclosure, the computer 40 
and handheld device 50 may both include the display control 
logic 32 (FIG. 1) which may operate to not only send the 
image data to the pixels of the LCD panel 44 to render view 
able images, but also to control a backlight unit in a redundant 
mode and a non-redundant mode to provide light to the LCD 
panel 44. 

Having discussed the examples of the types of components 
that may be present in the electronic device 10 of FIG. 1, as 
well as the various form factors the device 10 may take, 
additional details of the display 28 may be better understood 
through reference to FIGS. 4 and 5 below, which shows an 
exploded perspective view and an assembled view, respec 
tively, of one example of an LCD-based display 28. As shown, 
the display 28 may include a top cover 70. The top cover 70 
may be formed from plastic, metal, composite materials, or 
other Suitable materials, or any combination thereof. In one 
embodiment, the top cover 70 may be a bezel forming a frame 
around a viewable region of an LCD panel 44. Additionally, 
the top cover 70 may also be formed in such away as combine 
with a bottom cover 72 to provide a support structure for the 
remaining elements depicted in FIG. 4. 
The LCD panel 44, which may include an array of TFT 

pixels, may be disposed below the top cover 70. The LCD 
panel 44 may include a passive or an active display matrix or 
grid used to control the electric field associated with each 
individual pixel. As discussed above, the LCD panel 44 may 
be used to display an image through the use of a layer of liquid 
crystal material, typically disposed between two Substrates. 
For example, display driver logic (e.g., source driver circuitry 
and gate driver/scanning circuitry) may be configured to 
apply a Voltage to electrodes of the pixels, residing either on 
or in the Substrates. Depending on the applied Voltage, an 
electric field is created across the liquid crystal layer. Conse 
quently, liquid crystal molecules within the liquid crystal 
layer may change in alignment in response to the character 
istics (e.g., strength) of the electric field, thus modifying the 
amount of light that may be transmitted through the liquid 
crystal layer and viewed at a specified pixel. In Such a manner, 
and through the use of a color filter array to create colored 
Sub-pixels, color images may be represented across indi 
vidual pixels of the display 28. 
The LCD panel 44 may include a group of individually 

addressable pixels. For instance, in an embodiment where the 
LCD panel 44 serves as a display for a desktop or laptop 
computer, such as the computer 40 of FIG. 2, the LCD panel 
44 may have a display resolution of 1024x768 pixels, repre 
senting 768 Scanning lines and 1024 columns of pixels, mean 
ing that 1024 pixels are provided for each scanning line. In a 
color display, each pixel of a column may actually correspond 
to three Sub-pixels, such as a red sub-pixel, green Sub-pixel, 
and blue sub-pixel, for example, each of which are coupled to 
respective source lines configured to provide red color data 
signals, green color data signals, and blue color data signals. 
Thus, in color display embodiments, a resolution of 1024x 
768 may actually refer describe a display device that has 768 
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10 
scanning lines, with 3072 Sub-pixels per scanning line. In 
other embodiments, the LCD panel 44 may have resolutions 
of 2560x1600, 2560×1440, 1980x1080, 1920x1200, 1680x 
1050, 1600x1024, 1440x900, and so forth. In further embodi 
ments, the LCD panel 44 may serve as a display for a portable 
handheld electronic device, such as the device 50 of FIG. 3, 
and may have a display resolution of 480x320 or 960x640 
pixels. In one embodiment, the display 28 may be a LCD 
display having a pixel density of 300 or more pixels per inch, 
such as a Retina Display(R), available from Apple Inc. Further, 
in some embodiments, the display 28 may be provided in 
conjunction with the above-discussed touch-sensitive ele 
ment, Such as a touch-screen, functioning as one of the input 
structures 14 for the electronic device 10. 
As will be appreciated, the foregoing resolutions are pro 

vided by way of example only. Generally, any desired display 
resolution may be implemented in an LCD panel 44 of a 
display device 28 that incorporates a backlight unit config 
ured to normally operate in a redundant mode and to operate 
in a non-redundant mode when one or more of the light 
emitting elements of the backlight unit malfunction, in accor 
dance with the techniques set forth in this disclosure. More 
over, though not explicitly shown in FIG.4, the LCD panel 44 
may further include various additional components, such as 
polarizing films and/or anti-glare films. Further, in a color 
display embodiment, the LCD panel 44 may also include a 
black mask layer having a color filter array that overlays the 
pixels of the LCD panel 44. The perceived color of each pixel 
depends on the color of the filter overlaying the pixel. For 
instance, in certain types of color displays, the color filter 
array may provide red, blue, and green color filters. 
The display 28 also may include optical sheets 74. The 

optical sheets 74 may be disposed below the LCD panel 44 
and may condense the light provided to the LCD panel 44. In 
one embodiment, the optical sheets 74 may include one or 
more prism sheets, which may act to angularly shape light 
passing through to the LCD panel 44. The display 28 may 
further include an optical diffuser plate or sheet 76. The 
optical diffuser 76 may be disposed below the LCD panel 44 
and either above or below the optical sheets 74 and may be 
configured to diffuse the light received from the backlight 
unit as the light is being provided to the LCD panel 44. The 
optical diffuser 76 generally functions to diffuse the light 
provided by the backlight unit to reduce glaring and provide 
uniform illumination to the LCD panel 44. In one embodi 
ment, the optical diffuser 76 may be formed from materials 
including glass, polytetraflouroethylene, holographic materi 
als, or opal glass. As shown in FIG. 4, the display 28 also 
includes a light guide 78 (also referred to as a guide plate), 
which, in conjunction with the optical diffuser 76, may also 
assist in providing uniform illumination to the LCD panel 44. 
In illustrated embodiment, the light guide 78 may be part of a 
backlight assembly arranged in an edge-lit configuration. In 
Such configurations, a light source 80 with light-emitting 
elements may be disposed along an edge 82 of the light guide 
78. The light guide 78 may thus be configured to channel the 
light emitted from the light source 80 upwards towards the 
LCD panel 44. 
The light source 80 may include light emitting diodes 

(LEDs) 84, which may include a combination of red, blue, 
and green LEDs and/or white LEDs. In the illustrated 
embodiment, the LEDs 84 may be arranged on one or more 
printed circuit boards (PCBs) 86 adjacent to an edge 82 of the 
light guide 78 as part of an edge-lit backlight assembly. For 
example, the PCBs in an edge-lit embodiment may be aligned 
or mounted along an inner wall 90 of the bottom cover 72 with 
the LEDs 84 arranged to direct light towards one or more 
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edges (e.g., edge 82) of the light guide 78. In another embodi 
ment, backlight unit may be configured such that the LEDs 84 
are arranged on one or more PCBs 86 along the inside surface 
92 of bottom cover 72 in a direct-lighting backlight assembly. 
The LEDs 84 may include multiple groupings of LEDs, 

and each grouping may be referred to as an LED string. Each 
string may include a subset of the LEDs 84s, and the LEDs 
within each string may be electrically connected in series 
with the other LEDs within the same string. By way of 
example only, the LEDs 84 may be grouped into three Strings, 
and each String may include the same number or a different 
number of LEDs. For example, each LED string may include 
between 2 to 18 or more separate LEDs. In other embodi 
ments, any number of LED strings may be provided (e.g., 2 to 
10 or more strings). As will be appreciated, the number of 
strings and/or the number of LEDs per string may at least 
partially depend on the size of the display 28. 
As noted above, it is unfortunate, though generally inevi 

table, that the backlight units of some LCDs (e.g., out of a 
batch of manufactured LCDs) may suffer from malfunction 
ing light-emitting elements at Some point during their opera 
tional life. Thus, embodiments of the present disclosure may 
provide redundant light-emitting elements which, in conjunc 
tion with the above-discussed backlight driver, may allow for 
the backlight unit to normally operate in a redundant mode, 
and to operate in a non-redundant mode and continue provid 
ing an expected light output even in the event that one or more 
of the light-emitting elements malfunction. For instance, two 
types of malfunctions that may occur are an open circuit on 
the LED string or a short circuit on the entire LED string. The 
former type of malfunction may cause the entire String to stop 
functioning, as current ceases flowing through the open cir 
cuit LED string, and the latter type of malfunction may cause 
current to flow through the LED string as if no LEDs were in 
the string. Indeed, when an LED string includes a single or 
multiple shorted LEDs, current may “bypass' one or more 
LEDs (e.g., bypass the anode/cathode terminals) within the 
string as a result of shorted LEDs, thus rendering the 
bypassed LEDs nonoperational. Therefore embodiments of 
the backlight unit may include one or more redundant LED 
strings and/or one or more redundant individual LEDs on an 
LED string. The operation of the backlight unit in the redun 
dant and non-redundant modes will be described in further 
detail below. 

Referring still to FIG.4, the LED strings may be arranged 
on the PCB(s) 86 in either an end-to-end series configuration 
or in an interleaved configuration. For example, a light Source 
80 that includes three LED strings in an end-to-end series 
configuration may be arranged such that the first and last LED 
in a first LED string are adjacent to a last LED from an second 
adjacent string and a first LED from a third adjacent String, 
respectively. Alternatively, in an interleaved configuration, 
the first, second, and third LED strings may be interleaved 
with each other, such that any three consecutive LEDs 84 
includes an LED from each of the first, second and third 
strings. However, in this configuration, directly adjacent 
LEDs may not necessarily be electrically coupled to one 
another, as they belong to different strings. In yet another 
embodiment, the LED strings may also be arranged in a 
side-by-side configuration, with the Strings arranged in par 
allel along an edge 82 of the light guide 78. The backlight 
driver, which may be implemented using hardware, Software, 
or a combination of hardware and Software elements, may 
provide activation signals to control the switching of the LED 
strings between on and off states during operation of the 
display 28. For example, the backlight driver, which may be 
part of the display control logic 32, may drive the LED strings 
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using the boost voltage and PWM techniques described 
above. By way of example, the LEDs may include phosphor 
based LEDs, such as yttrium-aluminum-garnet (YAG) LEDs 
configured to emit white light. In other embodiments, sepa 
rate strings of red light-emitting, blue light-emitting, and 
green light-emitting LEDs may be utilized, such that their 
outputs provide generally white light when optically mixed. 
As further shown in FIG.4, the display 28 may also include 

a reflective plate or sheet 94 generally disposed below the 
light guide 78. The reflective plate 94 may function to reflect 
light passing downwards (e.g., away from the panel 44) 
through the light guide 78 back towards the LCD panel 44. 
The display 28 also includes the bottom cover 72, as previ 
ously discussed, which may be formed in Such a way as to 
join, couple, or otherwise be secured to the top cover 70 to 
provide a support structure for the elements illustrated in FIG. 
4. In some direct-lighting backlight configurations, the reflec 
tive plate 94 may be omitted, as light sources arranged along 
the surface 92 of the bottom cover 72 may emit light directly 
towards the LCD panel 44. 

FIG. 5 shows an assembled view of the display 28 of FIG. 
4 that employs an edge-lit backlight unit. As shown, the 
display 28 includes the LCD panel 44, which may be held in 
place by the top cover 70 and the bottom cover 72. As 
described above, the display 28 may utilize a backlight 
assembly such that a light source 80 may include LEDs 84 
mounted on a printed circuit board 86. In certain embodi 
ments, the PCB 98 may include a metal core printed circuit 
board (MCPCB), or other suitable type of support situated 
upon an array tray 98 in the display 28. The array tray 98 may 
be secured to the top cover 70 such that the light source 80 is 
positioned in the display 28 for light generation, which may 
be utilized to generate images on the LCD panel 44. 

FIG. 6 shows a block diagram illustrating an embodiment 
of the display control logic 32 that may be used to control the 
display 28 of the electronic device 10. For example, in the 
illustrated embodiment, the display control logic 32 includes 
display driver logic 100. The display driving logic 100 may 
receive data signals 102 representative of image data. For 
instance, the data signals 102 may represent a digital image 
retrieved from memory (e.g., memory 18 or storage 20). The 
display driving logic 100 may include timing logic/controller 
104, Source driver logic 106, and gate driver logic, as shown 
in FIG. 6. In operation, the source driver 106 may sequentially 
sendsets of data signals 110 along the source lines of the LCD 
panel 44, with each set of data signals representing a row of 
image data. The gate driver 108 may send an activation or 
scanning signal 112 to an addressed row of pixels correspond 
ing to the row of image data. In this manner, the pixels of an 
addressed row receive the data signals, which are stored as 
charges in respective pixel electrodes. This process is 
repeated for each row of pixels in the LCD panel 44 to render 
a frame of image data. As can be appreciated, the timing logic 
104 may control timing parameters with regard to when the 
data signals 110 and Scanning signals 112 are sent to the LCD 
panel 44. 
As shown, the display control logic 32 also includes back 

light driver logic 120, which may be configured to control the 
light source(s) 80, and thus the overall amount of backlight 
illumination provided by backlight unit 122. For example, as 
discussed above, the light source 80 include multiple light 
emitting elements, such as LEDs, and the LEDs, which may 
be arranged in Strings, may be toggled between on and off 
states using an activation signal. Such as a boost output volt 
age signal generated by a pulse width modulation (PWM) 
signal. Also, as discussed above, the luminance output (which 
may be expressed in units of nits) of the backlight may be 
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controlled by varying the duty cycle of the PWM signals 
applied to the LEDs 84. For instance, a boost output voltage 
generated by a PWM signal having a duty cycle of 50% may 
achieve aluminance that is approximately half the brightness 
of constant backlight illumination (e.g., a duty cycle of 
100%). In another example, a boost output Voltage generated 
by a PWM signal having a duty cycle of 25% may achieve a 
luminance that is approximately one quarter of the brightness 
of constant backlight illumination. Thus, by adjusting the 
duty cycle of the PWM activation signal(s), the boost output 
voltage provided to the LEDs 84 of the light source 80 may be 
used to adjust the brightness of the displayed image. 

Accordingly, the illustrated backlight driver logic 120 of 
FIG. 6 includes a PWM clock generator 124 that may be 
configured to generate and Supply one or more PWM signals 
to generate the boost output voltage signal 128 to drive the 
LEDs 84. By way of example, in one embodiment where the 
light source 80 includes three LED strings, a boost output 
Voltage generated by a PWM signal having a duty cycle 
corresponding to a desired luminance level may be applied to 
each of the three LED strings. Accordingly, the change in 
brightness between each luminance level is dependent on the 
total number of available luminance levels, which may be 
based upon the number of bits used to determine the duty 
cycle of the PWM signal. For instance, if the PWM signal is 
generated using a 10-bit function, 1024 (2') luminance lev 
els 0-1023 may be available, with each luminance level cor 
responding to a different duty cycle setting. Thus, in this 
example, to achieve a brightness setting equal to half of the 
maximum brightness of the backlight unit 122, a PWM signal 
having a duty cycle of 50%, which corresponds to a lumi 
nance level of 511, may be used to generate the boost voltage 
signal 128 applied to each of the LED strings of the light 
source 80. Similarly, if a 12-bit function is used, 4096 (2) 
luminance levels 0-4095 will be available. Additionally, to 
generate the PWM signal, a voltage reference signal 126, 
referred to herein as V, may be provided to the backlight 
driver logic 120. V may serve as a Voltage reference to set 
the control current level. For instance, in some embodiments, 
a high pulse of the PWM signal may have a voltage that is 
determined based at least partially upon the value of V, 
providing a current of between approximately 300 to 500 mA. 
In one embodiment, the PWM generator 124 may provide 
PWM pulse waveforms having a frequency of between 
approximately 16 to 24 kilohertz (kHz). For example, it may 
be desired to use PWM frequency of greater than 20 KHZ to 
remain outside of acoustic band to avoid unwanted audio 
noise. 

FIG. 7 shows a block diagram depicting how the backlight 
driver 120 may be connected to the light source 80, which 
include multiple groups of LEDs 84 arranged into LED 
strings 84a, 84b, and 84m, wherein the LED string 84 in rep 
resents the last LED string (not necessarily a fourth LED 
string). Indeed, as can be appreciated, any desired number of 
LED strings may be provided (e.g., 1 to 10 strings) and 
controlled by the backlight driver 120. Further, each LED 
string may include multiple LEDs electrically connected in 
series. For instance, the LED string 84a may include LEDs 
84a, 84a2, ... 84ay. Each LED 84 string may include, for 
example, anywhere from two to twenty-five LEDs or more. 
While the schematic diagram shown in FIG. 7 depicts the 
LED strings 84a-84n as having the appearance of a parallel 
electrical arrangement or common boost architecture in 
which a single boost output Voltage is connected to all LED 
strings 84, it should be understood that the actual physical 
arrangement may not necessarily correspond to the illustrated 
schematic, as separate boost architecture can be implemented 
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in which case a separate boost voltage (generated by separate 
PWM signals and boost convertors) is connected to each LED 
string 84. 

In operation, a reference voltage Vref 126 is supplied to a 
backlight driver chip 127 that includes the PWM generator 
124, a boost convertor 130, a current sink 134, and a control 
ler 136 with memory 132. The PWM generator 124 uses the 
reference voltage Vref to generate a PWM signal, as 
described more fully with regard to FIG.9, which is delivered 
to the boost convertor 130. The PWM signal determines the 
amount of power the boost convertor 130 and associated 
circuitry delivers to the LED strings 84a-n. 

Referring to both FIGS. 7 and 8, the schematic diagrams 
provided illustrate how one or more of the LED strings 84a-n 
may be coupled to the backlight driver 120, as well as how 
various feedback signals may enable the backlight driver 120 
to detect for malfunctions in an LED string 84. As illustrated, 
the boost output Voltage 128 may correspond to a driving 
signal for one or more of the LED strings 84a-n provided by 
the backlight driver 120. The connection between the back 
light driver 120 and the LED string(s) 84 may include an 
inductor 133, a diode 142, capacitors 131 and 148, resistors 
140,144, and 146, and a transistor 139, arranged as shown in 
FIGS. 7 and 8. As the boost convertor 130 switches the tran 
sistor 139 on, the inductor 133, which is coupled to a voltage 
Source Vin, draws current and begins to charge through the 
transistor 139 and the resistor 140. The capacitor 131 assists 
in providing the input current draw to the inductor 133. The 
peak current is monitored via the feedback signal 150, and the 
boost convertor 130 will Switch the transistor 139 off if the 
peak current through the inductor 133 reaches a threshold. 
Once the transistor 139 is turned off, the energy built up in the 
inductor 133 begins to discharge through the diode 142 after 
the diode's threshold voltage is exceeded, thus delivering the 
boost voltage signal 128 to the LED strings 84a-n. The 
capacitor 148 assists in maintaining the current output by the 
inductor 133 at a substantially constant level. Meanwhile, the 
boost voltage 128 is monitored by via the feedback signal 152 
taken from between the resistors 144 and 146. If it reaches a 
lower threshold, the boost convertor 130 turns the transistor 
139 on again to begin recharging the inductor 133. 

Various lines may provide feedback signals 154a-n to the 
backlight driver 120 and may be used to determine whether a 
malfunction is present in one or more of the LED strings 
84a-in. In this example, for instance, a malfunction may result 
if an open or short circuit condition occurs in the string 84a. 
resulting in all of the LEDs 84a -84ay becoming nonopera 
tional. Additionally, a malfunction may also occur in the case 
that a short circuit condition occurs across one or more LEDs 
within the string 84a. In this case, the LED(s) across which 
the short circuit occurs may become nonoperational. As can 
be appreciated, each LED string may be connected to the 
backlight driver 120 in this manner, with each connection 
either sharing or including a respective set of the resistors 
140,144, 146, diode 142, capacitor 148, and feedback signals 
150, 152, and 154. 
The boost converter 130 may include a single boost con 

vertor or respective boost converter for each LED string 84a 
84n. The boost converter logic 130 may be configured to 
adjust a boost output Voltage to account for changes in LED 
forward voltages. The backlight driver 120 may also include 
a respective current sink 134 for each LED string 84a–84n. A 
memory 132 may also be provided and be configured to store 
configuration and/or calibration parameters related to the 
operation of the backlight unit 122. Additionally, as described 
in further detail below, a controller 136 may be configured to 
determine whether to operate the backlight unit 122 in a 
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redundant mode (normal operation) or in a non-redundant 
mode. The controller 136 may include one or more data 
registers configured to enable/disable redundant mode, as 
well as to provide parameters related to redundant and non 
redundant operation. 
As described above, the signals 150 and 152 may represent 

a peak current feedback signal and Voltage feedback signal, 
respectively, associated with the LED strings 84a-n. In the 
embodiment of FIG. 8, feedback signals 150 and 152 may be 
received by the boost converter 130 associated with the LED 
string 84a. Additionally, the signal 154 may represent a cur 
rent sinkinput signal associated with the LED string 84a, and 
may be received by a current sink circuit 134a corresponding 
to the LED string 84a. The feedback signals 150, 152, and 
154a may be used to determine whether the LED string 84a is 
malfunctioning. For instance, Substantial drops in peak cur 
rent, Voltage, and/or the current sink input signals may indi 
cate the possible presence of an open circuit condition in the 
LED string 84a. Additionally, the current sink 134 may, based 
on the received current sinkinput signal, be able to determine 
a change in the current through the LED string 84a indicates 
the presence of a short circuit condition somewhere within the 
string. In further embodiments, the backlight driver 120 may 
also be configured to acquire temperature information relat 
ing to the backlight unit 122. Such as via one or more internal 
thermocouples or from an external temperature sensor. In 
Such embodiments, the presence of a short circuit within an 
LED string may be determined based upon at least one of the 
LED current, as detected by the current sink 134, temperature 
information, as well as comparison of voltage/current in other 
LED strings. 
One embodiment of a current sink is shown in FIG. 9. For 

example, FIG.9 may represent a current sink 134a corre 
sponding to the LED string 84a. In the illustrated embodi 
ment, the current sink circuit 134a may include a comparator 
158 that receives a PWM signal at a first input, where the 
PWM signal is generated using a set voltage reference Vref. 
The duty cycle of the PWM signal is increased or decreased to 
adjust the boost Voltage signal 128 and, thus, the brightness of 
the LEDs. The current sink 134a also includes a feedback 
resistor 160, transistor 162, and a resistor 166, arranged as 
shown in FIG. 9. The source terminal of the transistor 162, 
which may be a MOSFET in some embodiments, is con 
nected to the LED string 84a and receives the current 168 
from the LED string 84a. The resistor 166 may be configured 
to provide a current sensing function and, in Some embodi 
ment, may be implemented using current mirroring tech 
niques. The current sinks 134 may be integrated, which may 
reduce PCB routing capacitance. 
As mentioned above, in addition to open circuit or short 

circuit failures of the entire LED string, another type of failure 
that may occur in the LED strings is single or multiple shorted 
LEDs. Most common root causes of electrical shorts are 
threading dislocations (also called micropipes or nanopipes) 
and insufficient or degraded passivation. Elevated dislocation 
density can result in an increase in leakage current during 
operation of the LED- i.e. the migration of contact metal 
through the hollow center of the dislocation creates an ohmic 
resistance path between the P and N regions of the die and, 
hence, results in a shorted LED. A redundant operating tech 
nique for addressing these types of failures may be referred to 
herein as “single or multiple shorted LED redundancy,” and is 
described in detail below with reference to FIGS. 10-17. 

For instance, referring to FIG. 10, an example of the light 
source 80 having multiple LED strings 84a-84d arranged in 
an end-to-end series configuration is shown operating in 
redundant mode. In the illustrated embodiment, the LED 
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strings 84a–84d are each depicted in a simplified manner with 
each string having five LEDs (e.g., 84a -84as). However, it 
should be understood that any number of LEDs may be pro 
vided in each string, and that more than four strings may be 
provided in the light source 80 of the backlight unit. For 
instance, in one embodiment, the backlight unit may include 
six LED strings, each having 21-25 LEDs. In redundant 
mode, each LED of each string is functioning properly to emit 
light 188. Thus, in redundant mode, the PWM signal driving 
each string may have a duty cycle that causes the LEDs to 
provide a light output corresponding to 188. As shown, each 
LED string may output aluminance represented by reference 
number 190 (combined output of all LEDs in the string), 
wherein the total light output of the backlight unit 122 corre 
sponds to the combined luminance 190 of all the LED strings. 

FIG. 11 illustrates a scenario in which single shorted LED 
failure occurs in LED string 84b, causing the LED 84b to 
become nonoperational. When this failure is detected by the 
backlight driver 120, the remaining LEDs (84b, 84b 84b, 
84bs) within the string 84b are operated in a non-redundant 
mode such that the LED string 84b can still achieve the same 
luminance output 190. For instance, in this case, the duty 
cycle of the PWM signal driving the LED string 84b is 
increased, Such that the remaining functional LEDs 84b, 
84b. 84b and 84bs output more light, represented here by 
reference number 192. That is, the backlight driver 120 essen 
tially drives the remaining LEDs of the string 84b to provide 
a light output at a greater intensity to compensate for the 
failed LED 84b, such that the overall light output from the 
string 84b is still at least approximately equivalent to the 
output 190. Additionally, as discussed above, due to optical 
mixing properties of the light guide 78 and/or optical diffuser 
76, a dead spot corresponding to the nonoperational LED 
(here LED 84b) is generally not visible. However, LED 
mixing distance should be kept Small enough to minimize the 
visual effect of the shorted LED failure. Using these tech 
niques, the failure of the LED 84b on the string 84b is 
substantially unperceivable by a user viewing the display 28, 
and the display 28 may continue to operate across its range of 
brightness settings even without the non-functional LED 
84b. Further, in some embodiments, a short circuit condition 
may affect more than one LED in a string. For instance, if the 
LEDs 84b and 84b fail due to a short circuit condition, the 
remaining LEDs 84b, 84b, and 84b may be driven using an 
adjusted PWM duty cycle to provide a higher light output to 
compensate for the two nonfunctional LEDs (e.g., the PWM 
duty cycle may be greater than when only one LED in the 
string is short circuited). 
To provide this shorted LED failure redundancy function, 

each LED string may include one or more redundant LEDs. 
For instance, each LED string may include X+Y LEDs, 
wherein X represents a minimum number of LEDs needed to 
achieve a maximum desired luminance flux for the LED 
string and Y represents the number of redundant LEDs in the 
string. The goal of the short LED redundancy mode is to 
achieve the same FOS brightness for the display even when 
one or more LEDs within one or more LED strings of the 
backlight unit 122 fail due to a short circuit condition. Thus, 
in redundant mode (where all LEDs within the string are 
functional), the total luminous flux per string may be 
expressed as follows: 

(6) 

wherein F is represents that luminous flux collectively 
provided by the non-redundant LEDs and F , represents 
the luminous flux provided by the redundant LEDs. Similarly, 

Fstring redfx LEDs-FY LEDs 
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the total flux required from each LED string when operating 
in non-redundant mode may be expressed as: 

(7) 

Based on these equations, the maximum PWM duty cycle 
for achieving the maximum required luminous flux for each 
string when operating in redundant mode may be determined 
as a ratio of the number of the minimum number of LEDs 
required for the string to provide the target maximum lumi 
nous flux (e.g., X) to the number of operational LEDs in the 
string. For example, referring to the example shown above in 
FIGS. 10 and 11, it may be assumed that each LED string 
84a-84d has five LEDs, with a minimum of four LEDs 
needed to provide the target maximum luminous flux (e.g., 
190) and with one LED operating as a redundant LED. Thus, 
in redundant mode, when all five LEDs of the string 84b are 
functional, the required PWM duty cycle for achieving the 
maximum luminous flux for the string 84b will be 80% 
(e.g., /s). 

However, referring again to FIG. 11, which is the case 
singe shorted LED failure (e.g., 84b), the backlight driver 
may adjust the PWM duty cycle for the string 84b, such that 
the remaining functional LEDs are still capable of providing 
the maximum luminous flux 190. For instance, in the present 
example, the adjusted PWM duty cycle may be 100% (e.g., 
4/4, since only four LEDs are operational in the string). Thus, 
the present technique allows for the string 84b to still provide 
the output 190 in the event of a short circuit across one of its 
LEDs, thus maintaining FOS brightness and masking the 
defect from being perceived by a user. 
As noted above, the embodiments shown in FIGS. 10 and 

11 are intended to be simplified examples. In other more 
complex embodiments, the display 28 may include more 
LED strings (e.g., 6 or more strings), each with a greater 
number of LEDs (e.g., 18-24 LEDs). For instance, in one 
embodiment, each LED string of the backlight unit 122 may 
include 21 LEDs, with 18 LEDs acting as non-redundant 
LEDs and 3 LEDs acting as redundant LEDs. Thus, in this 
embodiment, in redundancy mode, a PWM duty cycle of 
approximately 85.714% (e.g., 1%) may be used to drive each 
LED string to provide a maximum luminous flux. However, if 
one of the LEDs in the string fails due to a short circuit, then 
the backlight driver 120 may operate the remaining functional 
LEDs in the string using a PWM duty cycle of 90% (e.g., 1%0) 
to achieve the same maximum luminous flux. Further, if 
another LED in the string fails due to a short circuit, the PWM 
duty cycle may be adjusted again. For instance, when a total 
of two LEDs become non-functional, the backlight driver 120 
may drive the remaining functional LEDs in the String using 
a PWM duty cycle of approximately 94.74% (e.g., 1949). If a 
third LED also short circuits and becomes non-functional, the 
remaining LEDs in the string may be driven using a 100% 
PWM duty cycle. 

Thus, similar to the N+1 redundancy mode discussed 
above, the shorted LED redundancy mode essentially limits 
the maximum PWM duty cycle of each string when operating 
in redundant mode, while increasing the PWM duty cycle as 
individual LEDs fail. As can be appreciated, each LED string 
of the backlight may be configured in this manner. Thus, 
backlight driver 120 may adjust the PWM duty cycle accord 
ingly for any of the LED strings when a failed LED due to a 
short circuit is detected. As such, the backlight driver 120 may 
preserve the FOS brightness performance of the display even 
in the event that some LEDs within a string fail without the 
user perceiving any effects resulting from the failed LED(s). 
It should be understood that no particular LEDs within the 
string are necessary designated as redundant LEDs. That is, 
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the redundancy is provided in the sense that all LEDs are 
normally operated, but that in the case of a short circuit 
condition, the remaining LEDs driven to produce more light 
to compensate for the failed LED(s). 

FIG. 12 is a flowchart depicting a process 196 that illus 
trates how the backlight driver 120 may implement the 
shorted LED redundancy techniques described above. The 
process 196 begins by driving an LED string having multiple 
LEDs using in redundant mode using a PWM signal having a 
first duty cycle for achieving a target brightness (block 198). 
For instance, the target brightness may correspond to a maxi 
mum expected luminous flux from the LED string, such that 
when all LED strings of the backlight unit are driven to 
provide this target brightness, a maximum FOS brightness 
setting of the display 28 is achieved. From block 198, deci 
sion logic 200 may determine whether a shorted LED failure 
condition occurs within the LED string, causing an LED to 
become non-functional. For instance, as discussed above, the 
voltage drop across current sink signal 154 for each LED 
string and/or temperature information may be monitored by 
the backlight driver 120 to detect for the occurrence of short 
circuit conditions. If no shorted LED failure is detected, the 
process 196 returns from decision logic 200 to block 198. 
However, if a shorted LED failure is detected, then decision 
logic 200 proceeds to block 202, and the backlight driver 120 
transitions to operate the remaining functional LEDs within 
the LED string in non-redundant mode using a PWM signal 
having a second duty cycle. As discussed above, the second 
duty cycle is greater than the first duty cycle due to the 
limiting of the maximum PWM duty cycle when operating in 
redundant mode. For instance, the second PWM duty cycle 
may be determined as the ratio of the number of non-redun 
dant LEDs to the number of functional LEDs within the 
String. 
As can be appreciated, the embodiment described above in 

FIGS. 10 and 11 may relate to a OD or 1D backlight scanning 
technique. 1D Scanning may be used which generally refers to 
a configuration in which separate groups of light Sources 
(e.g., LED strings) are independently controllable which may 
provide a solution to motion blur problem. 2D scanning, 
which is described in a further embodiment below, may refer 
to a configuration in which each individual light source is 
independently controllable. OD scanning may refer to a con 
figuration in which all the light sources are controlled 
together. For instance, the short LED redundancy technique 
described above may also be applied to OD scanning. Essen 
tially, a OD scanning embodiment is a special case in which 
the backlight unit 122 either includes single LED string that is 
controlled by one signal, or multiple LED strings which are 
phase shifted from each other (phase shifting 360 deg/num 
ber of strings). 

Referring to FIGS. 13 and 14, another embodiment of how 
shorted LED redundancy may be implemented is illustrated 
with respect to a 1D Scanning configuration in which the LED 
strings 84a–84d of the light source 80 are arranged in an 
interleaved configuration. Again, it should be understood that 
while FIG. 13 depicts four LED strings each having four 
LEDs, this illustration is intended to be a simplified example 
only. FIG. 13 illustrates a redundant mode of operation, in 
which each LED of each string 84a–84d is functioning prop 
erly to emit light 206. For the purposes of this example, the 
light output 206 from each LED 84 may be assumed to cor 
respond to a maximum luminous flux of each LED. Such that 
the combined luminous flux 208 from the light source 80 
represents a maximum brightness setting for the display. 

FIG. 14 illustrates a scenario in which a shorted LED 
failure occurs in LED string 84b, causing the LED 84b to 



US 9,271,379 B2 
19 

become nonoperational. When this failure is detected by the 
backlight driver 120, the light source 80 is operated in a 
non-redundant mode, wherein the LED strings containing the 
LEDs directly adjacent to the failed LED 84b, here LED 
strings 84a and 84c, are driven using an increased PWM duty 
cycle to increase the light output from the LEDs of the strings 
84a and 84c, as indicated by reference number 210. The 
increased PWM duty cycle may be calculated such that the 
light output 210 from the LED strings 84a and 84c and the 
light output 206 from the LED string 84d and the remaining 
LEDs of the string 84b collectively provide the same maxi 
mum luminous flux 208, thus allowing the display 28 to 
continue operating across its intended range of brightness 
settings without the short circuit condition being perceivable 
by the user. Further, while the presently illustrated embodi 
ment depicts the adjusted PWM duty cycle as causing the 
LEDs of strings 84a and 84c to provide the same light output 
210, other embodiments may only adjust the PWM duty cycle 
for one of the strings or may adjust the PWM duty cycle 
setting of both strings by different amounts. 

FIG. 15 is a flowchart depicting a process 212 illustrating 
how the backlight driver 120 may implement the shorted LED 
redundancy techniques described above in FIGS. 16-17. The 
process 212 begins by driving all the LED strings of the 
backlight unit 122 in a redundant mode using a PWM signal 
having a first duty cycle for achieving a target brightness 
(block 214). The target brightness may correspond to a maxi 
mum expected luminous flux from all LED strings, which 
may correspond to a maximum FOS brightness setting of the 
display 28. Next, decision logic 216 may determine whether 
a shorted LED failure occurs in any of the LED strings. If no 
shorted LED failure is detected, the process 212 returns from 
decision logic 216 to block 214. However, if a shorted LED 
failure is detected, then decision logic 216 proceeds to block 
218, and the backlight driver 120 transitions to operate the 
remaining functional LEDs within the LED string in non 
redundant mode, where at least one LED string containing an 
LED that is directly adjacent to the shorted LED is driven at 
a second PWM duty cycle to achieve the same target bright 
ness from block 214. 

Continuing to FIGS. 16 and 17, embodiments of how a 
shorted LED redundancy technique may be implemented in a 
display with a backlight unit operated using 2D scanning are 
illustrated. Referring first to FIG. 16, the light source 80 may 
include multiple LEDs 84a–84o configured to provide 2D 
backlight Scanning. Again, this illustration is merely intended 
to be simplified example. In other embodiments, the light 
Source may include any desired number of LEDs, i.e., 
between approximately 20 to 150 LEDs, depending on the 
dimensions and size of the display 28. As discussed above, in 
2D scanning, each individual LED 84a-84o may be indepen 
dently controlled. That is, each LED 84a-84o may be driven 
with a respective PWM signal generated by the PWM gen 
erator 128 of the backlight driver 120. FIG. 16 illustrates a 
redundant mode of operation, in which all of the LEDs 84a 
84o are functioning properly to emit light 222. For the pur 
poses of this example, the light output 222 from each LED 
84a–84o may be assumed to correspond to a maximum lumi 
nous flux of each LED, such that the combined luminous flux 
224 from the light source 80 represents a maximum bright 
ness setting for the display. 

FIG. 17 illustrates a scenario in which a shorted LED 
failure occurs, causing single LED in one segment to stop 
functioning. When this failure is detected by the backlight 
driver 120, the light source 80 is operated in a non-redundant 
mode, wherein the rest of the LEDs in that segment are driven 
using an increased PWM duty cycle to increase the light 
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output from the affected segment. This increased PWM duty 
cycle may be calculated such that the light output from all of 
the remaining functional LEDs provides the same maximum 
luminous flux 224, thus allowing the display 28 to continue 
operating across its intended range of brightness settings 
without the short circuit condition being perceivable by the 
USC. 

As discussed above, the backlight driver 120 may normally 
operate the backlight unit 122 of the display 28 in a redundant 
mode, such at all LEDs 84 are utilized to provide light. How 
ever, if an open circuit or short circuit condition of most or all 
LEDs is detected in any of the LED strings 84a–84n, the 
controller 136 may cause the backlight driver 120 to disable 
the redundant mode of operation and operate in a non-redun 
dant mode. When operating in the non-redundant mode (e.g., 
following the malfunction of one or more LEDs), the remain 
ing operational LEDs are controlled in a way Such that at least 
approximately the expected range of brightness settings (e.g. 
a minimum brightness setting to a maximum brightness set 
ting) for the display device 28 may still be achieved without 
the user perceiving any noticeable difference in the operation 
of the backlight unit 122. Thus, the non-redundant modes 
may be viewed as a backup mode that is utilized when one or 
more LEDs fail. 
With these points in mind, one type of redundant operation 

may be utilized to compensate for an open circuit LED string. 
For example, an open circuit may occur due to a disruption 
somewhere along the circuit path of the LED strings. For 
instance, an open circuit may occur when one of the LEDs 
within the strings becomes non-conductive, thus preventing 
current from flowing through, or when a break forms in the 
wiring between the LED strings. This type of redundant 
operation, which may be referred to herein as "N+1 redun 
dancy mode, is described below with reference to FIGS. 
18-20. For instance, referring first to FIG. 18, an example of 
the light source 80 having three LED strings 84a–84c 
arranged in an interleaved manner is shown operating in 
redundant mode. Thus, in FIG. 18, all LEDs are working 
properly. For the purposes of this example, it may be assumed 
that each LED is presently outputting an equal amount of light 
represented by reference number 270, and that the net light 
output has aluminous flux 272. Generally, the netlight output 
272 appears as uniform light due to optical mixing by the light 
guide 78 and/or optical diffuser plate 76 (FIG. 4). As can be 
appreciated, the light output 270 and the total luminous flux 
272 that corresponds to a maximum brightness setting will 
depend on the maximum brightness setting of the display 
device 28. For instance, in Some displays, a maximum bright 
ness setting may correspond to a front-of-screen (FOS) 
brightness of approximately 300 to 350 nits (cd/m). Accord 
ingly, when operating in redundant mode, the PWM signals 
128 driving the LED strings 84a–84c may have a duty cycle 
corresponding to the light output 270. 

FIG. 19 illustrates a scenario in which a condition, such as 
an open circuit or most/all LEDs shorted, causes one of the 
LED strings, here string 84b, to stop operating. In this case, all 
of the LEDs 84b-84 by stop emitting light. One of the major 
reasons of an electrical open in an LED is thermo-mechanical 
stress of the wire bonds. However, electrostatic discharge 
(ESD) or electrical overstress (EOS) to the die may also cause 
Such an electrical open circuit or multiple short circuit con 
dition. When this failure is detected by the backlight driver 
120, the remaining LED strings, here strings 84a and 84c, are 
operated in a non-redundant mode in order to still achieve the 
same luminous flux output 272. For instance, in this case, the 
PWM duty cycle of the signals driving each of the LEDs of 
the remaining strings 84a and 84c may be increased. Such the 
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LEDs 84a -84a and 84c-84cy each output more light, rep 
resented here by reference number 274. That is, the backlight 
driver 120 essentially drives the remaining LED strings (84a, 
84c) to provide a light output at a greater intensity to com 
pensate for the failed LED string (84b), such that the light 
contributions from the remaining Strings still achieve the 
same net luminous flux 272. Due to optical mixing properties 
of the light guide 78 and/or optical diffuser 76, “dead' spots 
corresponding to the nonoperational LEDs are masked. Thus, 
using these techniques, the failure of the LED string 84b is 
substantially unperceivable by a user viewing the display 28, 
and the display 28 may continue to operate across its range of 
brightness settings even without the nonoperational LED 
string 84b. 
To configure the backlight driver 120 to provide this N-1 

redundancy function, any one of the LED strings of the back 
light may be considered as a redundant string, with the total 
number of LED strings provided in the backlight being rep 
resented by N+1. Two cases are considered: (1) when all N+1 
LED strings are operational (where "+1 represents the 
redundant string), and (2) when only N LED strings are 
operational (when one LED string fails). As part of this deter 
mination, a maximum desired luminance level or brightness 
is first determined, and a total luminous flux value corre 
sponding to the desired maximum luminance is calculated. 
For instance, in redundant mode (N+1 Strings operational), 
the luminous flux for each LED string may be determined as 
follows: 

(1) Fotal 
N + 1 Fstring red = 

wherein Fs, represents the luminous flux required for 
each LED string in redundant mode, wherein N+1 represents 
the total number of LED strings, and wherein F represents 
the total luminous flux corresponding to the desired maxi 
mum luminance, as discussed above. Next, the luminous flux 
for each LED string for non-redundant mode is also deter 
mined. This may be based on the following equation: 

(2) F.total. Fstring non-red F N 

wherein Fs, a represents the luminous flux required 
for each LED string in non-redundant mode, and wherein N 
represents the number of LED strings remaining when one 
string fails. 

After Fs, -e, and Fs e are determined, the 
maximum PWM duty cycle required for each string to 
achieve the maximum luminous flux in redundancy mode 
may be calculated as follows: 

D string red (3) 
d = -, "" Fistring non-red 

F. N Total X (4) 
N + 1 Fiat 
N 

5 N + 1 (5) 

Thus, referring to the example shown in FIGS. 18 and 19. 
when N+1 is equal to three LED strings, the maximum PWM 
duty cycle is 2/3, or approximately 66.67%. Thus, in an 
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embodiment utilizing three LED strings, a PWM dimming 
range of 0-66.67% may be used, wherein the luminance will 
beat its maximum when the PWM signals driving the LED 
strings are set to 66.67%. As can be appreciated, this leaves a 
headroom of approximately 33.33% for non-redundant 
operation. For example, in the example illustrated in FIG. 19. 
when one of the three LED strings becomes non-operational, 
the PWM dimming range is adjusted to 0-100% with substan 
tially no perceivable change in the FOS brightness. That is, 
driving the initial three LED strings 84a–84c each at 66.67% 
duty cycle will be perceived substantially the same by the user 
when driving the remaining two LED strings 84a and 84c 
each at a 100% duty cycle. The mixing area of LEDs should 
be small enough to minimize any visual effects of entire LED 
string failure due to an open circuit condition or short circuit 
condition of an entire string. Also, the PWM-based dimming 
method is described herein as one example, but it will be 
appreciated that any other Suitable dimming methodologies, 
including linear dimming for example, may be utilized. Fur 
ther, the PWM dimming duty cycle may not be change lin 
early with brightness (Cd/m). 

Thus, the N+1 redundancy mode discussed herein essen 
tially limits the maximum PWM duty cycle (or maximum 
brightness) when operating in redundant mode. As can be 
appreciated, this may result in a decreased PWM dimming 
ratio, since, depending on the PWM function, lesser number 
of duty cycle values are available, thus reducing the lumi 
nance resolution. For instance, assuming a 10-bit PWM func 
tion corresponding to 1024 luminance settings is used, only 
approximately 683 (66.67%) of those values are utilized in 
redundancy mode. Accordingly, in Some embodiments, cer 
tain techniques may be utilized in redundancy mode to com 
pensate for reduced dimming ratio, Such as utilizing static 
dithering, extended PWM cycle-based dimming, and/or mix 
mode dimming schemes. Further, in Some embodiments, a 
higher overall PWM resolution may be used, such as by 
increasing the bit-resolution of the PWM function. For 
instance, a 16-bit PWM function may provide for 65,536 
possible luminance levels. 

In the embodiments discussed above, the redundancy 
modes are provided by limiting the maximum PWM duty 
cycle. In other embodiments, similar functionality may also 
be provided by varying LED current between redundant and 
non-redundant operation instead of or in addition to limiting 
PWM duty cycle. Varying LED current (e.g., amplitude 
modulation) may be referred as linear dimming. However, it 
should be appreciated that changes in LED current may result 
in color shifts in Some cases. Thus, it may generally be desir 
able to utilize current-varying techniques in instances where 
color shift is less of an issue or not an issue at all. Further, it 
should be appreciated that the use of three LED strings in 
FIGS. 18 and 19 is only intended to be one example. Indeed, 
any number of LED strings may be provided in the backlight 
unit 122 and operated in redundant and non-redundant modes 
based on the techniques described above. For instance, in an 
backlight unit 122 with six LED strings, all six LED strings 
may be driven at approximately an 83.33% duty cycle in 
redundancy mode and 100% in non-redundancy mode to 
achieve a maximum FOS brightness. 

FIG. 20 is a flowchart depicting a process 278 illustrates 
how the backlight driver 120 may implement the N+1 redun 
dancy techniques described above. The process 278 begins by 
driving all the LED strings (e.g., N+1 Strings) of the backlight 
unit in redundant mode using PWM signals having a first duty 
cycle in order to achieve a target brightness (block 280). For 
instance, the target brightness may correspond to a maximum 
FOS brightness setting of the display 28. Decision logic 282 
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may determine whether an open circuit or multiple short 
circuit condition occurs on any one of the LED strings. For 
instance, as discussed above, the peak currentfeedback signal 
150, voltage feedback signal 152, and current sink signal 154 
for each LED string may be monitored by the backlight driver 
120 to detect for the occurrence of an open or short circuit 
condition. If no open circuit or short circuit condition is 
detected, the process 278 returns from decision logic 282 to 
block 280. However, if such a condition is detected, then 
decision logic 282 proceeds to block 284, and the backlight 
driver 120 transitions to operate the remaining LED strings in 
non-redundant mode using PWM signals having a second 
duty cycle. As discussed above, the second duty cycle is 
greater than the first duty cycle due to the limiting of the 
maximum PWM duty cycle when operating in redundant 
mode. 
As will be understood, the various techniques described 

above and relating to redundant and non-redundant backlight 
operation are provided herein by way of example only. 
Accordingly, it should be understood that the present disclo 
sure should not be construed as being limited to only the 
examples provided above. Additionally, while the embodi 
ments discussed depict pulse-width modulation dimming 
method as a driving technique for controlling the brightness 
oflight sources of a backlight unit, other dimming techniques 
Such as current amplitude modulation (e.g., linear dimming) 
or mix mode dimming (PWM+Linear) may also be imple 
mented by a backlight driver to control the brightness of the 
light sources. Further, it should be appreciated that the back 
light control techniques disclosed herein may be imple 
mented in any Suitable manner, including hardware (Suitably 
configured circuitry), software (e.g., via a computer program 
including executable code stored on one or more tangible 
computer readable medium), or via using a combination of 
both hardware and software elements. 

The specific embodiments described above have been 
shown by way of example, and it should be understood that 
these embodiments may be susceptible to various modifica 
tions and alternative forms. It should be further understood 
that the claims are not intended to be limited to the particular 
forms disclosed, but rather to coverall modifications, equiva 
lents, and alternatives falling within the spirit and scope of 
this disclosure. 
What is claimed is: 
1. A method comprising: 
controlling each of a plurality of operational interleaved 

light-emitting diode (LED) strings of a backlight unit at 
a first luminance output when no open circuit conditions 
or short circuit string conditions are present in any of the 
interleaved LED strings, such that a target luminance 
output from the backlight unit is achieved; 

determining whether an open circuit condition or short 
circuit string condition occurs for any of the interleaved 
LED strings; and 

controlling each remaining operational interleaved LED 
string independently to achieve the target luminance 
output from the backlight unit in response to detecting 
an open circuit condition or short circuit string condition 
in one of the plurality of interleaved LED strings; 

wherein at least two of the remaining operational inter 
leaved LED strings are controlled to a second luminance 
output that is greater than the first luminance output, 
such that each LED of the at least two of the remaining 
operational interleaved LED strings outputs a second 
quantity of light; 

wherein the at least two of the remaining operational inter 
leaved LED strings each comprise functioning LEDs 
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24 
directly adjacent to non-functioning LEDs of the one of 
the plurality of interleaved LED strings comprising the 
open circuit condition or the short circuit string condi 
tion; and 

wherein a remainder of the remaining operational inter 
leaved LED strings are controlled to a third luminance 
output that is less than the second luminance output, 
such that each LED of the remainder of the remaining 
operational interleaved LED strings outputs a third 
quantity of light less than the second quantity of light. 

2. The method of claim 1, wherein controlling each of the 
plurality of operational interleaved LED strings at a first 
luminance output comprises driving each of the plurality of 
operational interleaved LED strings using a first boost Voltage 
generated by a first pulse-width modulation (PWM) signal 
having a first duty cycle, wherein controlling the at least two 
of the remaining operational interleaved LED strings at the 
second luminance output comprises driving the at least two of 
the remaining operational interleaved LED strings using a 
second boost voltage signal generated by a second PWM 
signal having a second duty cycle, wherein the second duty 
cycle is greater than the first duty cycle, and wherein control 
ling the remainder of the remaining operational interleaved 
LED strings at the third luminance output comprises driving 
the remainder of the remaining operational interleaved LED 
strings using a third boost Voltage signal generated by a third 
PWM signal. 

3. The method of claim 1, wherein the operational inter 
leaved LED strings and the remaining operational interleaved 
LED strings are controlled using amplitude modulation, 
wherein controlling each of the plurality of operational inter 
leaved LED strings comprises driving each of the plurality of 
operational interleaved LED strings using a first current, and 
wherein controlling the remaining operational interleaved 
LED strings to the second luminance output or the third 
luminance output comprises driving the remaining opera 
tional interleaved LED strings using a second current or a 
third current, respectively, wherein the second current is 
greater than the first current and the third current. 

4. The method of claim 1, comprising receiving at least one 
feedback signal from each of the interleaved LED strings, 
wherein determining whether an open circuit condition or 
short circuit string condition occurs in any of the interleaved 
LED strings comprises monitoring the at least one feedback 
signal from each of the interleaved LED strings. 

5. The method of claim 4, wherein theat least one feedback 
signal comprises at least one of a peak current feedback 
signal, a Voltage feedback signal, or a current sink feedback 
signal, or any combination thereof. 

6. The method of claim 1, wherein each of the plurality of 
operational interleaved LED strings comprises a plurality of 
LEDS. 

7. A display device comprising: 
a liquid crystal display (LCD) panel; 
a backlight configured to provide light to the LCD panel, 

wherein the backlight comprises a plurality of light 
emitting diodes (LEDs) arranged in independently con 
trollable interleaved groups; and 

a display controller comprising: 
display driving circuitry configured to provide image 

signals and Scanning signals to the LCD panel; and 
a backlight driver configured to control each indepen 

dently controllable interleaved group of LEDs in a 
first manner to provide a target luminous flux output 
from the backlight when all of the independently con 
trollable interleaved groups of LEDs are functional, 
and to control each remaining independently control 
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lable interleaved group of LEDs in a second mannerto 
provide the target luminous flux output when one of 
the independently controllable interleaved groups of 
LEDs becomes nonoperational due to an open circuit 
condition; 

wherein at least two of the remaining independently 
controllable interleaved groups of LEDs are con 
trolled to a second luminous flux output that is greater 
than a first luminous flux output of the independently 
controllable interleaved groups of LEDs controlled in 
the first manner, such that each LED of the at least two 
of the remaining independently controllable inter 
leaved groups of LEDs outputs a second quantity of 
light; 

wherein the at least two of the remaining independently 
controllable interleaved groups of LED strings each 
comprise functioning LEDs directly adjacent to non 
functioning LEDs of the one of the independently 
controllable interleaved groups of LEDs comprising 
the open circuit condition; and 

wherein a remainder of the remaining independently 
controllable interleaved groups of LEDs are con 
trolled to a third luminous flux output that is different 
from the second luminous flux output, such that each 
LED of the remainder of the remaining independently 
controllable interleaved groups of LEDs outputs a 
third quantity of light less than the second quantity of 
light. 

8. The display device of claim 7, wherein the backlight 
comprises an edge-lit backlight, and wherein the indepen 
dently controllable interleaved groups of LEDs are arranged 
along an edge of the backlight. 

9. The display device of claim 7, wherein the backlight 
driver comprises a pulse-width modulation (PWM) signal 
generator, and wherein controlling each of the independently 
controllable interleaved groups of LEDs in the first manner 
comprises using a PWM signal having a first duty cycle, and 
wherein controlling each of the remaining independently 
controllable interleaved groups of LEDs in the second man 
ner comprises using PWM signals having a second duty cycle 
greater than the first duty cycle and a third duty cycle different 
from the second duty cycle. 

10. The display device of claim 7, wherein the backlight 
driver comprises boost converter circuitry, wherein the boost 
converter circuitry is configured to receive a respective Volt 
age feedback signal and a respective peak current feedback 
signal from each of the independently controllable inter 
leaved groups of LEDs. 

11. The display device of claim 10, wherein the backlight 
driver comprises current sink circuitry, wherein the current 
sink circuitry is configured to receive a respective current sink 
input signal from each of the independently controllable 
interleaved groups of LEDs. 

12. The display device of claim 11, wherein the backlight 
driver is configured to detect an open circuit condition or 
short circuit string condition by monitoring a state of at least 
one of a set of the respective Voltage feedback signals, the 
peak current feedback signals, and the current sink input 
signals. 

13. The display device of claim 7, wherein the target lumi 
nous flux output corresponds to a maximum front-of-screen 
(FOS) brightness setting for the display device. 

14. An electronic device comprising: 
a processor; 
a memory configured to store instructions executable by 

the processor, wherein at least a portion of the instruc 
tions defines an application; 
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a display configured to generate images associated with the 

execution of the application, wherein the display com 
prises: 
a liquid crystal display (LCD) panel comprising an array 

of image pixels arranged in rows and columns; 
a display controller comprising Source driving circuitry 

configured to provide image signals to the array of 
image pixels and gate driving circuitry configured to 
provide Scanning signals to the array of image pixels; 

a backlight unit having a light source comprising a plu 
rality of independently controllable interleaved light 
emitting diode (LED) strings; 

a backlight driver configured to control the indepen 
dently controllable interleaved LED strings to pro 
vide an expected light output for the backlight unit, 
wherein the backlight driver controls each of the inde 
pendently controllable interleaved LED strings to 
respectively provide a first amount of light, such that 
the first amount of light provided by each of the inde 
pendently controllable interleaved LED strings col 
lectively achieves the expected light output of the 
backlight unit, and wherein the backlight driver con 
trols at least two remaining independently control 
lable interleaved LED strings when one of the inde 
pendently controllable interleaved LED strings stops 
functioning due to an open circuit condition to respec 
tively provide a second amount of light; 

wherein a first LED string of the at least two remaining 
independently controllable interleaved LED strings 
and a second LED string of the at least two remaining 
independently controllable interleaved LED strings 
are controlled to a second driving strength, Such that 
each LED of the first LED string and the second LED 
string outputs a second quantity of light; 

wherein the first LED string and the second LED string 
comprise LEDs directly adjacent to non-functioning 
LEDs of the independently controllable interleaved 
LED string with the open circuit condition; and 

wherein a remainder of the remaining independently 
controllable interleaved LED strings are controlled to 
a first driving strength, such that each LED of the 
remainder of the remaining LED strings outputs a first 
quantity of light less than the second quantity of light, 
and a combined light output from the remaining inde 
pendently controllable interleaved LED strings 
achieves the expected light output of the backlight 
unit. 

15. The electronic device of claim 14, wherein the second 
amount of light is greater than the first amount of light. 

16. The electronic device of claim 15, wherein controlling 
the independently controllable interleaved LED strings to 
provide the expected light output comprises driving each of 
the independently controllable interleaved LED strings with a 
first boost Voltage generated by a first pulse-width modula 
tion (PWM) signal having a first duty cycle to provide the first 
amount of light, wherein controlling the at least two remain 
ing independently controllable interleaved LED strings to 
provide the second amount of light comprises driving each of 
the at least two remaining independently controllable inter 
leaved LED strings with a second boost Voltage generated by 
a second PWM signal having a second duty cycle, wherein the 
second duty cycle is greater than the first duty cycle. 

17. The electronic device of claim 14, wherein the back 
light driver is configured to detect an open circuit condition 
by monitoring at least one of a Voltage feedback signal, a 
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current feedback signal, or a current sink signal provided by 
each of the independently controllable interleaved LED 
Strings. 

18. The electronic device of claim 14, comprising at least 
one of a desktop computer, notebook computer, a tablet com 
puter, a cellular telephone, a portable media player, a personal 
digital assistant, an internet communications device, or any 
combination thereof. 

19. The electronic device of claim 14, wherein the plurality 
of independently controllable interleaved LED strings com 
prises at least six LED strings. 

20. A method of manufacturing a display device compris 
1ng: 

providing a display panel; 
providing an edge-lit backlight unit comprising a plurality 
of independently controllable light emitting diode 
(LED) strings arranged along an edge of the backlight in 
an interleaved manner, wherein the backlight unit is 
disposed behind a viewable area of the display panel; 

providing a backlight driver configured to operate the inde 
pendently controllable LED strings in a first mode, 
wherein the independently controllable LED strings are 
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controlled in a first manner to achieve a target light 
output, and to operate at least two remaining functional 
LED strings in a second mode, such that each LED of the 
at least two remaining functional LED strings outputs a 
second quantity of light, and a remainder of the remain 
ing functional LED strings in a third mode, such that 
each LED of the remainder of the remaining functional 
LED strings outputs a third quantity of light less than the 
second quantity of light, when an open circuit condition 
is detected on one of the independently controllable 
LED strings, wherein the at least two remaining func 
tional LED strings each comprise functioning LEDs 
directly adjacent to non-functioning LEDs of the one of 
the independently controllable LED strings comprising 
the open circuit condition, wherein the remaining func 
tional LED strings are independently controlled in the 
second mode and the third mode to achieve the target 
light output by a combined output of the remaining 
functional LED strings, and wherein the second mode is 
different from the third mode. 


