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Optical Sensors
in Smart Mobile Devices

Abstract

Smart mobile handheld platforms continue to integrate an
ever increasing spectrum of functions from multiple
communication standards to a wide array of user interface
features and sophisticated power management. This paper
explores advances in optical sensors as they apply to
enhancing the user experience and extending battery life.
Developmentsin ultra-low power optical proximity sensors
are enabling distance measurement and contactless gesture
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detection while simultaneously supporting novel power
management techniques. Integration with traditional
ambient light sensors optimizes display power while
maintaining satisfactory illumination.

THE MOBILE POWER BUDGET

Advances in smart mobile devices seem to occur on
adaily basis as vendors roll out new models and new
features. These advances are enabled and fueled by
corresponding advances in the underlying silicon
technology where Moore's Law continues to operate.
Moore's Law advocates a doubling of integrated circuit
components per unit cost every year [1].

Moore's Law assumed power consumption would be
anon-issue. It istrue that from one process generation to the
next power consumption for the same on-chip feature is
improving. However, any power savings are quickly
consumed as even more features are added to the smart
mobile devices. And most real world interfaces, such asthe
intensity requirements for backlit displays, are driven by
human eye capabilities. Significant power improvementsin
backlighting are not expected in the near future.

Battery technology does not track Moore's Law. Battery
technology is estimated to improve at the rate of about three
percent per year [2] which equates to a doubling of
performance on a 25 year cycle. Batteries are simply not
keeping up with silicon technology as can be clearly seenin
Figure 1.

The drive to add more features and limitations in battery
technology has caused designers to turn to silicon
technology to find innovative ways to reduce power
consumption and extend battery life.

The best way to conserve power is simply to turn off the
power switch. For power hungry display back lights, the
trick isto keep the back light off as much as possible without
annoying the user. There are multiple strategies, such as
detecting when aflip-cover is closed, when the deviceisin
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a holder or if the user hasn’t touched the screen for some
amount of time. A more recent development is to detect
when adeviceis being used in a manner where the display
does not need to be lit, such as holding a phone next to the
ear.
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Figure 1. Moore’s Law and Battery Technology

When power is needed, the next level of optimizationisto
minimize consumption. For backlit displays, this means
reducing the lighting level to the minimum acceptable level.
Obvioudly in a dark room, the display can be dimmed
significantly with considerable power savings. However,
that illumination level will be completely inadequate for
sunlight conditions.
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OPTICAL PROXIMITY SENSORS FOR POWER MANAGEMENT

Proximity sensors have been used for yearsin industrial
applications, particularly in manufacturing process lines to
determine when a production unit is passing by. The most
basic sensors use alight interrupter approach which shines
abeam of light to a photo sensor on the other side of a path
or belt. More sophisticated sensors reflect light off the target
product back to a photo sensor located near the light source.
This approach can be categorized as anear-far detector as it
can detect when a product is close to the sensor.

This same near-far proximity sensor technology is being
applied to smart mobile devices. In its most basic form,
aproximity sensor can replace a mechanical switch to
determine when aflip-lid or keyboard tray is closed. It can
also be used to detect when a phoneis held close to the face.

Industrial proximity sensors typically use visible light
which might not be so desirable in smart mobile device
applications. We certainly don’t want the proximity sensor
light source to expend more energy than we are saving.
These concerns are addressed in mobile devices by shifting
from the visible light spectrum to the near-infrared band and
by shifting from a continuous measurement system to
asampled measurement approach. The visible light
spectrum runs from 390 nm to about 750 nm wavelength.
Infrared (IR) LEDs commonly used in remote controls are
available in the 875 nm near-infrared (NIR) range which is
just outside the visible band and is clearly distinguished
from the 10,000 nm long-wavelength infrared band which
we sense as heat.
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Figure 2. Visible and NIR Light Spectrum

Silicon photo-diodes have a broad spectral response as
shown in Figure 3 which includes both visible light and the
near-infrared band making them useful detectors for LED
generated light. To make a useful proximity sensor it is
desirable to filter both visible and infrared light outside the

LED’s band. Any light not generated by the LED is
considered as background noise. The sun and incandescent
and fluorescent lights are significant sources of
near-infrared radiation. It is not uncommon for these noise
sources to be brighter than the LED.
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Figure 3. Silicon Photo-Diode Spectral Response

Various filtering approaches exist, including the
application of optica filters. In addition to optical filters,
another very effective approach is to pulse the LED at
arelatively high frequency and apply a high-passfilter to the

photo-diode signal. This has the added benefit of reducing
LED power consumption.

A useful and effective near-far proximity sensor can be
achieved as shown in Figure 4 by shining apulsed IR LED
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at the target and then sensing the reflected signal through an
optical filter to a photo-diode driving a high-pass filter. By
sampling and integrating this signal, it is possible to
determine if the target object is near or far away. If the
system is properly calibrated and the reflectivity of the target
isknown, then the actual distance can be computed. In smart
mobile device applications, the reflectivity may not be so

\.‘
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Reflectivity, o

Illuminance, Ev

well known with variations in skin tone, hair color and the
possible presence of jewelry. In practice, color tones to the
visible eye have little direct correlation to IR light
reflectance. Never-the-lessit is difficult to know a-priori the
precise reflectance of the target, but assumptions can be
made to create a useful near-far sensor.
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Figure 4. Near-Far Proximity Sensor

With anear-far proximity sensor in hand it is possible to
add sophistication to the power management system to turn
off the display back light when the phoneisheld near the ear.
It is also possible to switch between speaker-phone and
hand-set volume levels, or even provide some degree of
volume control asthe phone is moved closer or farther from
the ear.

Several types of proximity sensors are available. The
analog proximity sensors typically use an external resistor
to set the detection threshold and a second external resistor
setsthe LED drive current.

Digital proximity sensor devices are generally more
sophisticated with an analog-to-digital converter and some

DSP processing to filter the signal and provide various
threshold detection options controlled via an 12C-Bus
interface. The proximity sensor readings can be accessed
over the I2C interface and typically an interrupt pin is
provided to provide a simple near/far output signal.

The power levels used to drive LEDs in proximity sensor
systems for mobile applications are extremely small and the
amount of light received at the sensor is greatly attenuated
by distance. Therefore the sensitivity of the receiver is an
important characteristic.

AMBIENT LIGHT SENSORS (ALS) FOR POWER MANAGEMENT

Aswe' ve already seen, the silicon photo-diode provides
broadband response to visible and NIR light. Properly
harnessed in an ambient light sensor, this capability can be
used to dim the backlight and achieve additional power
savings.

Because of the wide spectral response, thereis a potential
issue with false-positive light readings. This could occur in
adark room with an IR light source which would cause the
sensor to read a high light level thereby driving the backlight
to full intensity. Theideal situation isfor the ALSto mimic
“photopic” human eye light response as shown in Figure 5.
Photopic light response can be crudely approximated by
subtracting the ambient reading from the proximity sensor
with its IR-pass filter and from the ALS sensor reading.
A much more accurate method isto apply a photopic optical
filter to the ALS photo-diode.
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Figure 5. Photopic Light Response
of the Human Eye [3]
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Table 1. APPROXIMATE AMBIENT LIGHT INTENSITY
LEVELS

Light Source Illuminance (lux)

Direct Sunlight 100,000
Full Daylight 10,000
Overcast Day 1,000
Office Lighting 500
Office Hall Lighting 100
Family Living Room 50
Twilight 10
Deep Twilight 1
Full Moon 0.1
Quarter Moon 0.01
Starlight 0.001
Overcast Night 0.0001

ALS devices exist on the market which cover the light
intensity range of afew lux to over 65K |ux. This matches
well with common ambient light conditions listed in

Table 1. While full sunlight is in the 100K lux range, the
difference from 65K isinsignificant in practical terms. The
most useful ALS rangeisin the 1 to 1,000 lux range with
1 lux resolution at the low end.

ALS devices have seen use in smart mobile devices.
However, it has been popular to hide the device behind the
dark glass region of the screen which reduces the amount of
incident light by up to 90 percent. This shifts the desired
ALS sensitivity range downward to the 0.1 to 100 lux range
with 0.1 lux resolution.

Silicon photo-diodes generate photo-current each time
aphoton hits the PN junction. However, they also generate
asmall amount of current due to thermal noise sourcesin the
silicon. At normal light intensity levels, this is not
noticeable. However, in dark conditionsit can be substantial
and this so-called dark-current can lead to a significant
measurement error. ALS manufacturers have developed
various compensation approaches as shown in Figure 6.
Dark current compensation is a key consideration in
selecting low-lux ALS devices suitable for use behind
smoky glass.
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Figure 6. Dark Current Compensated Ambient Light Sensor
How much power can be saved as a result of backlight 100 - - -
diming with an ALS? Figure7 shows the relationship 0 f----q9----- R R
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Figure 7. Display Brightness as a Function
of Ambient Light Conditions [4]
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Table 2.
Location Display Current Usage Total Current
Office 25% * 50 = 12.5 mA 70% 8.75 mA
Daylight 100% * 50 = 50 mA 5% 25 mA
Conference Room 0.25% * 50 = 0.125 mA 25% 0.03 mA
Total 100% 11.28 mA

For this scenario, the ALS controlled backlighting power
consumption is 77 percent less than a non-ALS controlled
device.

A variety of ambient light sensors are available. The
analog AL S device typically integrates a photo-diode with
atrans-impedance amplifier and some type of dark-current
compensation. The output is typically a current source and
may be converted to a voltage with an external resistor.
Some analog AL S devices include multiple gain ranges to
optimize performance in overlapping light intensity ranges.

Digital ALS devices add an analog-to-digital converter
and provide the result in a serial data stream. The 12C
interface iswidely used asthe serial interface to the device.

Most digital ALS devices provide alinear binary output of
the ADC called the count and provide some means to adjust
the count to be equal to lux. Alternatively the adjustment can
be performed with a multiply operation in the 12C host
processor.

The human eye has anon-linear response to light intensity.
When driving backlighting we would like to account for that
response. Some ALS devices produce a logarithmic
response which more closely mimics the eye. Square root
response has also been shown to be useful. Frequently the
linear-to-log or linear-tosguare root conversion is performed
in the 12C host processor either using math computation or
by using simplified lookup tables.

INTEGRATED AMBIENT LIGHT SENSORS AND PROXIMITY SENSORS

For smart mobile devices, ALS and PS devices are useful
for dimming and completely turning off the display
backlight. Both devices are commonly available with the
same 12C bus interface and they both require optical
packaging. Why not combine them? An ambient light sensor
can be integrated with a proximity sensor without adding
any additional pins to the proximity sensing device,
resulting in auseful bill-of-materials (BOM) reduction and
associated cost reduction.

Some vendors have also integrated the LED device into
the package. However, this is not as practica or

advantageous as integrating the two sensors. LED devices
use much less complex silicon processes and take
considerable silicon area compared to the sensors. When
combined the LED is constructed in a more expensive
process which makes the compl ete solution more expensive.
Also LEDs are manufactured in high volume by multiple
vendors for multiple applications and it is challenging to
match the economies of scale with a more specialized
device.

OTHER PROXIMITY SENSOR APPLICATIONS

So far we have discussed the near-far proximity sensor
and its ability to make approximate distance calculations.
Let'stake acloser ook at the mathematics. Figure 4 shows
a light path from an LED to reflector and back to
aphoto-diode. The light intensity is controlled by the
inverse-square law. The illuminance equation for this
system can be expressed as follows:

p Mv

E, = >

(D + Dps)
where:

o isthe reflectivity of the target

My, is the luminance emittance of the IR LED

D|r and Dpsare the distances from the IR LED

to the target and from the target to the proximity sensor

We can calibrate the light source and the receiver, and if
we know the reflectance of the target we can compute the
distance. However, in most applications, the reflectance is
unknown, so we have one eguation with two unknowns.

If we added a second light path, either by adding another
source-receive pair, or by multiplexing in another source or
receiver, then we could have two equations with two
unknowns. We can solve for the two unknowns and we
would know the distance to the target and the reflectance of
the target’s surface.

We can extend this farther to locate the relative position of
thetarget. The{X, y, z} position of the target represents three
unknowns. So with three light paths we can “triangulate” the
target’s position. But again this assumes we know the
reflectance of the target.
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Figure 8. Distance Measurement with Four Light Paths

Adding afourth light path provides four equations with
four unknowns{x, vy, z, o}. We can solve for the position of
the object and its reflectance.

Ey = pMv/(Dg + Dpgy)”

Ey, = pMV/(Dg + Dpgy)

Ey = pMv/(Dg + Dpss)

Ey = pMv /(D + Dpgy)’

D’ = (Xp — le)z + (yp — yIR)2 + (zp - zIR)2
Dpsy” = (Xpsy — xP)2 + (Yps: — yF,)2 + (Zpgy — zp)2
Desz” = (Xpsz XP)Z + (Yps2 = yP)Z + (Zpsp — ZP)Z
Doss’ = (Xpss = X + (Yoss = Vol + (zpss = 2]
Dps42 = (Xpss — xp)2 + (Ypsa — yF,)2 + (Zpss — zF,)2

Where: X|Rr, YiR, ZIR XPS1, YPSL: ZPS2, XPs2, YPS2, ZPS3, XPs3,
YPS3, ZPs3, XPs4: YPs4, Zpsa, are known by design

drive the LED to known My,
measure Ey1, Ev2, Eya, Eva
solvefor g, Xp YR Zp

Four light paths can be constructed from four LEDs and
one proximity sensor, or one LED and four proximity
sensors, or even two LEDs and two sensors and proper
sensor sequencing. Using fewer LEDs consumes |ess power.

The discussion so far has made the assumption that LEDs
radiate in al directions with equal intensity and that
proximity sensors receive light from al directions with
equal sensitivity. However the off-axis characteristics of
both devices typically vary substantially, which complicates
the mathematics and limits the useful coverage space. The
coverage space can be expanded by including more light
paths over the desired coverage space.

We can make some practical applications by making
assumptions about the reflectance and using a three light
path system, possibly augmented by more light paths to
create alarger coverage space.

The importance of the proximity sensor sensitivity has
already been mentioned. For advanced proximity sensor
applications, where it is desirable to resolve the position of
the target to a reasonable accuracy, the resolution of the
proximity sensor also becomes an important characteristic.

GESTURE DETECTION

Many smart mobile devices detect simple gestures made
by touching and moving one's finger or fingers across the
glassin specific motions. For example, pan can be gestured
by dliding one figure in the desired direction. Zoom can be
gestured by diding two fingers either closer together or
farther apart.

With optical proximity sensing, this concept can literally
be extended into thin air, without touching the glass. With
rough triangulation it is possible to determine if one's finger

is moving left or right, or from bottom to top, and thus effect
a pan gesture. A zoom gesture can simply be moving the
finger closer to the screen or farther from the screen. Now
we have areally smple 3D pan and zoom gesture system
which simultaneously pans and zooms in response to
movement of the user’s finger over the screen.

Figure 9 illustrates a gesture detection system with three
light paths and the corresponding proximity sensor output
level over time.
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Figure 9. 3D Pan and Zoom Gesture Detection

Other 3D gesture modes are possible aswell, including 3D
rotation where an object (or the view of an object) rotates
left-right and polar south-north in response to finger
movement. Zoom could simultaneously be affected by
finger height or distance.

Companion gestures can be defined to initiate and
terminate gesture modes. For example, wagging one's

finger back and forth dightly near the center of the detection
space could signal the start of 3D pan-zoom mode. Likewise,
wiggling one's finger up and down dightly could signal the
start of 3D rotation mode. Wiping one’s finger away quickly
away to the right (or left or up) could signal an end of the
gesture mode.

CONCLUSION

Advances in optical sensor technology are driving
improvements in power management and enhancements to
the user interface of smart mobile handheld platforms.
Integrated ambient light and proximity sensors can

significantly reduce power consumption and extend battery
life. Multiple light path proximity sensing systems open the
door to novel contactless 3D gesture detection techniques.

http://onsemi.com

7



TND415/D

REFERENCES
[1] Moore, Gorden E., “Cramming more components [4] Hewlett-Packard Corporation, Intel Corporation,
onto integrated circuits’, Electronics, Volume 38, Microsoft Corporation, Phoenix Technologies Ltd.,
Number 8, April 19, 1965. Toshiba Corporation, Advanced Configuration and
[2] Sperling, Ed, Chip Design Magazine, Oct 15, 2009. Power Interface Specification, Revision 4.0a,

[3] CIE (1932). Commission internationale de April'5, 2010, p 339.

I’ Eclairage proceedings, 1931. Cambridge
University Press, Cambridge.

ON Semiconductor and J are registered trademarks of Semiconductor Components Industries, LLC (SCILLC). SCILLC owns the rights to a number of patents, trademarks,
copyrights, trade secrets, and other intellectual property. A listing of SCILLC’s product/patent coverage may be accessed at www.onsemi.com/site/pdf/Patent-Marking.pdf. SCILLC
reserves the right to make changes without further notice to any products herein. SCILLC makes no warranty, representation or guarantee regarding the suitability of its products for any
particular purpose, nor does SCILLC assume any liability arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without
limitation special, consequential or incidental damages. “Typical” parameters which may be provided in SCILLC data sheets and/or specifications can and do vary in different applications
and actual performance may vary over time. All operating parameters, including “Typicals” must be validated for each customer application by customer’s technical experts. SCILLC
does not convey any license under its patent rights nor the rights of others. SCILLC products are not designed, intended, or authorized for use as components in systems intended for
surgical implant into the body, or other applications intended to support or sustain life, or for any other application in which the failure of the SCILLC product could create a situation where
personal injury or death may occur. Should Buyer purchase or use SCILLC products for any such unintended or unauthorized application, Buyer shall indemnify and hold SCILLC and
its officers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and expenses, and reasonable attorney fees arising out of, directly or indirectly,
any claim of personal injury or death associated with such unintended or unauthorized use, even if such claim alleges that SCILLC was negligent regarding the design or manufacture
of the part. SCILLC is an Equal Opportunity/Affirmative Action Employer. This literature is subject to all applicable copyright laws and is not for resale in any manner.

PUBLICATION ORDERING INFORMATION

LITERATURE FULFILLMENT: N. American Technical Support: 800-282-9855 Toll Free  ON Semiconductor Website: www.onsemi.com
Literature Distribution Center for ON Semiconductor USA/Canada
P.O. Box 5163, Denver, Colorado 80217 USA Europe, Middle East and Africa Technical Support: Order Literature: http://www.onsemi.com/orderlit
Phone: 303-675-2175 or 800-344-3860 Toll Free USA/Canada Phone: 421 33 790 2910 . . X
Fax: 303-675-2176 or 800-344-3867 Toll Free USA/Canada Japan Customer Focus Center For additional information, please contact your local
Email: orderlit@onsemi.com Phone: 81-3-5817-1050 Sales Representative

TND415/D


http://www.onsemi.com/site/pdf/Patent-Marking.pdf

